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FOREWORD 


On  August  1,  1975  at  1:20  p.m.,  an  earthquake  of  Richter  Scale 
Magnitude  5.7  occurred  about  12  kilometres  (7.5  miles)  southwest  of  Oroville 
Dam,  a  principal  feature  of  the  California  State  Water  Project.   During  the 
main  queike  euid  the  many  aftershocks  that  followed,  the  Oroville  complex 
continued  operation  virtually  without  interruption. 

Inspection  began  during  the  foreshocks;  immediately  following 
the  main  shock,  the  Department  of  Water  Resources  began  detailed  inspec- 
tions of  the  Oroville  facilities  and  found  that  only  minor  damage  had 
occurred.   Service  from  the  two  power  plants  of  the  Oroville  complex  — 
Edweird  Hyatt  and  Thermalito  Powerplants  —  was  interrupted  for  only  about 
45  minutes. 

On  August  8,  the  Department  of  Water  Resources  convened  its 
Consulting  Board  for  Earthquake  Analysis  to  review  the  post-earthquake 
situation.   Then,  in  September,  under  the  guidance  of  the  Special  Con- 
sulting Board  for  the  Oroville  Earthquake,  the  Depeirtment  began  detailed 
studies  and  investigations  of  the  August  1  event. 

Bulletin  No.  203  documents  the  performance  of  Oroville  Dam  and 
related  facilities  during  the  August  1  earthquake,  the  sequence  of  after- 
shocks that  followed  during  the  remainder  of  August,  and  the  scattered 
shocks  that  continued  during  the  fall  months.   The  bulletin  is  presented 
in  two  parts. 

In  Part  1,  the  performance  of  the  Oroville  complex  during  the 
main  event  and  succeeding  aftershocks  is  described.   Also  included  is  a 
discussion  of  the  detailed  inspections  and  investigations  of  the  Oroville 
facilities  that  followed  the  August  1  event.   Part  1  also  contains  dis- 
cussions of  the  seismology  and  geologic  history  of  the  affected  area,  along 
with  seismological  and  geological  data  from  investigations  conducted  before 
euid  after  the  earthquake. 

Part  1  has  been  reviewed  by  the  Special  Consulting  Board  for 
the  Oroville  Earthquake. 

Part  2  describes  the  actions  of  the  Department  of  Water 
Resources  in  carrying  out  its  responsibilities  for  the  safety  of  all  dams 
in  the  area  affected  by  the  earthquake.  As  specified  in  Division  3  of  the 
California  Water  Code,  the  Department,  through  its  Division  of  Safety  of 
Dams,  has  jurisdiction  over  (1)  all  California  dams  (except  federal  dams) 
7.6  metres  (25  feet)  high  or  more  that  impound  more  than  18  500  cubic 
metres  (15  acre-feet)  of  water,  and  (2)  deims  more  than  1.8  metres  6  feet) 
high  that  impound  at  least  62  000  cubic  metres  (50  acre-feet) . 

Part  2  discusses  the  actions  of  the  Division  of  Safety  of  Dams 
following  the  August  1  event,  including  its  evaluation  of  the  safety  and 
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performance  of  all  jurisdictional  dams  in  the  Oroville  area.  Also  discussed 
are  studies  of  the  seismicity  of  the  Oroville  area.   Finally,  Part  2  pre- 
sents a  discussion  of  the  effect  of  the  Oroville  earthquake  on  seismic 
criteria  that  should  be  used  as  a  basis  for  (1)  the  design  of  new  dams,  and 
(2)  evaluations  of  the  adequacy  of  existing  dams  and  related  facilities. 

A  subsequent  report  will  be  prepared  that  will  include  struc- 
tural reeuialysis  of  the  Oroville  Project  facilities  for  a  larger  earthquake, 
and  results  of  the  seismological  and  geological  investigations. 


Ronald  B.  Robie,  Director 
Department  of  Water  Resources 
The  Resources  Agency 
State  of  Califoinia 
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CONVERSION  FACTORS 
English  to  Metric  System  of  Measurement 


Quantity  English  unit 

Length  inches    (in) 

feet    (ft) 
miles    (mi) 

Area  square  inches    (in   ) 

square  feet  (ft^) 
acres 


square  miles    (mi^) 

Volume  gallons  (gal) 

million  gallons   (10^  gal) 
cubic  feet    (ft^) 
Cubic  yards    (yd^) 
acre-feet    (ac-ft) 


Multiply  by 

25.4 
.0254 
.3048 
1.6093 

6.4516  X  10"" 

.092903 
4046.9 

.40469 

.40469 

.0040469 
2.590 

3.7854 
.0037854 
3785.4 

.028317 
.76455 
1233.5 

.0012335 
1.233  X  10"^ 


To  get  metric  equivalent 

millimetres    (mm) 
metres    (m) 
metres    (m) 
kilometres    (km) 

square  metres    (m^) 
square  metres    (m^) 
square  metres    (m^) 
hectares    (ha) 
square  hectometres  (hm^) 
square  kilometres    (km^) 
square  kilometres    (km^) 

litres    (I) 

cubic  metres  (m') 
cubic  metres  (m^) 
cubic  metres  (m^) 
cubic  metres  (m^) 
cubic  metres  (m^) 
cubic  hectometres  (hm^) 
cubic  kilometres    (km^) 


Volume/Time 

(Flow)  cubic  feet  per  second  (ft^/s) 

gallons  per  minute    (gal/min) 

million  gallons  per  day    (mgd) 

Mass  pounds    (lb) 

tons    (short,    2,000  lb) 


28.317 
.028317 
.06309 
6.309  X  10"^ 
.043813 

.45359 
.90718 
907.18 


Power  horsepower    (hp)  0.7460 

Pressure  pounds  per  square  inch  (psi)         6894.8 

Temperature       Degrees  Fahrenheit    (°F) 


litres  per  second    (l/s) 

cubic  metres  per  second  (m^/s) 

litres  per  second   (l/s) 

cubic  metres  per  second  (m^/s) 

cubic  metres  per  second  (m^/s) 


kilograms  (kg) 
tonne    (t) 

kilograms  (kg) 

kilowatts  (kW) 


»F    -32  -,r 


pascal    (Pa) 

Degrees  Celsius    (°C) 
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Figure  1.     Aerial  View  of  the  Oroville  Facilities  and  Epicentrol  Area 
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PART  I 
Chapter  I.   INTRODUCTION 


Oroville  Dam  is  situated  in  the  foot- 
hills of  the  Sierra  Nevada  above  the 
Sacramento  Valley.   The  dam  is  8  kilo- 
metres (5  miles)  east  of  the  city  of 
Oroville  and  about  209  kilometres  (130 
miles)  northeast  of  San  Francisco. 

On  August  1,  1975  at  1320  hours  (1:20 
p.m.)  PDT,  an  earthquake  of  Richter 
Scale  Magnitude  5.7  occurred  about  12 
kilometres  (7.5  miles)  southwest  of 
Oroville  Dam.i/  During  the  main  event 
and  the  many  aftershocks  that  followed, 
the  Oroville  facilities  continued 
operating  without  interruption  except 
for  about  45  minutes  of  power  genera- 
tion. Minor  damage  observed  at  some  of 
the  facilities  was  repaired  under  rou- 
tine maintenance  procedures. 

The  Oroville  earthquake  series  began 
with  a  number  of  foreshocks  on  June  28, 
1975.   Then,  on  August  1,  twenty-nine 
foreshocks  occurred  within  5  hours  of 
the  main  shock.   The  largest  of  these 
had  a  magnitude  of  4.8.   Many  after- 
shocks, the  largest  of  which  had  a  mag- 
nitude of  5.1,  occurred  throughout 
August,  and  scattered  shocks  continued. 

Description  of  the  Oroville  Facilities 

Oroville  Dam  and  its  appurtenances, 
along  with  the  Thermalito  facilities 
(Figures  1  emd  2),  comprise  a  multiple 
pxorpose  project,  which  includes  water 
conservation,  power  generation,  flood 
control,  recreation,  and  fish  and 


wildlife  enhancement.   The  lake  stores 
winter  and  spring  runoff,  which  is 
released  into  the  Feather  River  as 
necessary  to  supply  project  needs  and 
commitments.   The  pumped-storage  capa- 
bility of  the  Oroville  facilities  per- 
mits maximum  use  of  the  value  of  power 
produced  by  these  releases. 

Water  releases  from  Edward  Hyatt  Power- 
plant  are  diverted  from  the  Feather 
River  at  the  Thermalito  Diversion  Dcim, 
a  concrete  gravity  structure  with  a 
radial  gated  crest  section.   These 
releases  pass  through  the  Thermalito 
Power  Canal  and  Thermalito  Forebay, 
through  Thermalito  Powerplant,  and  into 
Thermalito  Afterbay.   The  Thermalito 
Diversion  Pool,  Power  Canal,  and  Fore- 
bay  have  a  common  water  surface  to 
accommodate  flow  reversals  for  the 
pumped-storage  operation.   Thermalito 
Afterbay  stores  the  plant  discharges 
for  the  pumped-storage  or  conventional 
operation  and  reregulates  flow  for  uni- 
form return  to  the  Feather  River. 

Migrating  salmon  and  steelhead  blocked 
by  the  Oroville  Complex  are  diverted 
from  the  river  into  the  Feather  River 
Fish  Hatchery  at  the  Fish  Barrier  Dam, 
located  0.8  kilometre  (0.5  mile)  down- 
stream of  Thermalito  Diversion  Dam. 

The  Investigating  Organization 

On  August  8,  1975,  the  Department  of 
Water  Resources  convened  its  Consulting 


1/    In  1935  C.   E.   Richter  reported  a  method  for  classifying  the  size  of  earthquakes 
which  was  based  on  the  maximum  amplitude  recorded  by  a  Wood-Anderson  seismograph 
corrected  to  an  epicentral  distance  of  100  kilometres.     An  earthquake  with  a 
Richter  Scale  Magnitude  of  2.0  would  scarcely  be  noticed.     A  quake  with 
tude    of  5.0  or  less  rarely  causes  significant  damage. 


Figure  1.     Aerial  View  of  the  Oroville  Facilities  and  Epicentral  Area 


XiV 


PART  I 
Chapter  I.   INTRODUCTION 


Oroville  Dam  is  situated  in  the  foot- 
hills of  the  Sierra  Nevada  above  the 
Sacramento  Valley.   The  dam  is  8  kilo- 
metres (5  miles)  east  of  the  city  of 
Oroville  and  about  209  kilometres  (130 
miles)  northeast  of  San  Francisco. 

On  August  1,  1975  at  1320  hours  (1:20 
p.m.)  PDT,  an  earthquake  of  Richter 
Scale  Magnitude  5.7  occurred  about  12 
kilometres  (7.5  miles)  southwest  of 
Oroville  Dam.i/  Dvuring  the  main  event 
and  the  many  aftershocks  that  followed, 
the  Oroville  facilities  continued 
operating  without  interruption  except 
for  about  45  minutes  of  power  genera- 
tion. Minor  damage  observed  at  some  of 
the  facilities  was  repaired  under  rou- 
tine maintenance  procedures. 

The  Oroville  earthquake  series  began 
with  a  number  of  foreshocks  on  June  28, 
1975.   Then,  on  August  1,  twenty-nine 
foreshocks  occurred  within  5  hours  of 
the  main  shock.   The  largest  of  these 
had  a  magnitude  of  4.8.   Many  after- 
shocks, the  largest  of  which  had  a  mag- 
nitude of  5.1,  occurred  throughout 
August,  and  scattered  shocks  continued. 

Description  of  the  Oroville  Facilities 

Oroville  Dam  and  its  appurtenances, 
along  with  the  Thermalito  facilities 
(Figures  1  and  2) ,  comprise  a  multiple 
purpose  project,  which  includes  water 
conservation,  power  generation,  flood 
control,  recreation,  and  fish  and 


wildlife  enhancement.   The  lake  stores 
winter  and  spring  runoff,  which  is 
released  into  the  Feather  River  as 
necessary  to  supply  project  needs  and 
commitments.   The  pumped-storage  capa- 
bility of  the  Oroville  facilities  per- 
mits maximxim  use  of  the  value  of  power 
produced  by  these  releases. 

Water  releases  from  Edward  Hyatt  Power- 
plant  are  diverted  from  the  Feather 
River  at  the  Thermalito  Diversion  Dam, 
a  concrete  gravity  structure  with  a 
radial  gated  crest  section.   These 
releases  pass  through  the  Thermalito 
Power  Canal  and  Thermalito  Forebay, 
through  Thermalito  Powerplant,  emd  into 
Thermalito  Afterbay.   The  Thermalito 
Diversion  Pool,  Power  Canal,  and  Fore- 
bay  have  a  common  water  surface  to 
accommodate  flow  reversals  for  the 
pumped-storage  operation.   Thermalito 
Afterbay  stores  the  plant  discharges 
for  the  pumped-storage  or  conventional 
operation  and  reregulates  flow  for  uni- 
form return  to  the  Feather  River. 

Migrating  salmon  and  steelhead  blocked 
by  the  Oroville  Complex  are  diverted 
from  the  river  into  the  Feather  River 
Fish  Hatchery  at  the  Fish  Barrier  Dam, 
located  0.8  kilometre  (0.5  mile)  down- 
stream of  Thermalito  Diversion  Dam. 

The  Investigating  Organization 

On  August  8,  1975,  the  Depeirtment  of 
Water  Resources  convened  its  Consulting 


1/    In  19S6  C.   H.  Riahter  reported  a  method  for  olaseifying  the  size  of  earthquakes 
which  was  based  on  the  maximum  amplitude  recorded  by  a  Wood-Anderson  seismograph 
corrected  to  an  epioentral  distance  of  100  kilometres.     An  earthquake  with  a 
Riahter  Scale  Magnitude  of  2.0  would  scarcely  be  noticed.     A  quake  with  a  magni- 
tude   of  5.0  or  less  rarely  causes  significant  damage. 


>r  Earthc[uake  Analysis  to  review 
/leral  post-earthquake  situation 
auiQ  le   preliminary  data  assembled. 
On  September  11  and  12,  1975,  a  Spe- 
cial Consulting  Board,  composed  of  the 
Bocord  for  Earthquake  Analysis  and 
other  consultants  in  the  field  of 
design  and  construction  of  dcun  and 
reservoir  projects,  reviewed  the 
Department ' s  programs  for  data  collec- 
tion and  evaluation  of  structural 
seismic  safety. 


following  members: 

George  W.  Housner,  Chairman, 
California  Institute  of  Technology 

Clarence  R.  Allen,  California 
Institute  of  Technology 

Bruce  A.  Bolt,  University  of 
California,  Berkeley 

Thomas  M.  Leps,  Consultant 


The  Special  Consulting  Board  for  the 
Oroville  Earthquake  consisted  of  the 


Philip  C.  Rutledge,  Mueser, 
Rutledge,  Wentworth  and  Johnston 


Figure  2.     Location  Map  --  Oroville  Facilities 


John  A.   Blvune,   John  A. 
Associates 


Blume  and 


Wallace  L.  Chadvdck,  Consultant 

Alan  L.  O'Neill,  Consultant 

H.  Bolton  Seed,  University  of 
California,  Berkeley 

With  the  general  guidance  of  the  Spe- 
cial Consulting  Board,  several  earth- 
quake-related investigations  were 
undertaken.   These  include  (1)  geologic 
studies  and  mapping  of  the  epicentral 
area  and  the  causative  fault,  (2) 
seismological  studies  dealing  with 
the  earthquake  sequence  and  fault 


plane  resolution,  (3)  determination  of 
the  seismic  safety  of  project  struc- 
tures under  loading  of  the  maximum 
credible  earthquake  for  this  area, 
(4)  surveys  of  the  area,  and  (5)  an 
evaluation  of  the  existing  seismic 
instrumentation  system.  Most  of  these 
studies  are  still  in  progress. 

The  performance  of  the  Oroville  facil- 
ities during  the  height  of  seismic 
activity  and  the  following  months  is 
presented  in  Chapter  II.   Chapter  III 
is  an  evalviation  of  the  seismic  activ- 
ity during  this  period,  and  geologic 
investigations  axe   presented  in 
Chapter  IV. 


Chapter  II.   PERFORMANCE  OF  PROJECT  FACILITIES 


Conclusions 

Only  minor  superficial  damage  was 
sustained  by  the  Oroville  facilities 
during  the  August  1,  earthquake. 
The  inspections  and  instrumentation 
data  show  that  all  facilities  are 


structurally  sound. 

Oroville  Facilities  Damage 

The  following  is  a  listing  of  the 
damage  and  estimated  cost  of 
repairs : 


Damage 

Oroville  Dam  Spillway  Chute 

Chute  wall  joint  spalling  at 
terminal  structure 

Operation  and  Maintenance  Center 

Building  damage  (plaster  cracking, 
etc.,  nonstructural) 

Thermalito  Powerhouse  Structure 

Wall  cracking  (nonstructural) 

Thermalito  Tail  Channel 

Rock  slope  protection  failure  - 
perhaps  5%  of  the  slope  area  is 
involved.  Repair  to  original  con- 
sidered costly.   Redesign  and 
reconstruction  probably  required. 

Thermalito  Afterbay  River  Outlet 
Embankments 

Settlement  and  cracking  of  non- 
compacted  embcuikments 


Estimated 
Cost 


No  repair 
required 


$2,500 


$  180 


NA 


$4,500 


Operation  of  Edweurd  Hyatt 
and  Thermalito  Powerplants 

During  the  main  event  esurthqueJce,  Hyatt 
and   Theirmalito  Powerplants  were  gener- 
ating at  maximum  capacity.   At  1321 


hours,  (1.21  p.m.)  three  Hyatt  units 
and  all  four  Thermalito  units  a  ito- 
matically  disconnected,  and  at  iJ24 


hovirs  (1:24  p.m.)  the  other  three 
Hyatt  units  disconnected. 

Within  45  minutes,  four  of  the  Hyatt 
\inits  and  all  the  Thermalito  units 
were  restarted.   Discoloration  of 
the  tailwater  from  Hyatt  Powerplant 
was  noticed.   The  plant  and  intake 
structure  were  inspected  for  damage 
and  none  was  found.   The  tailwater 
returned  to  normal  within  a  short 
time.   Discoloration  was  also  observed 
in  the  Palermo  Canal  during  the  same 
period.   The  other  two  Hyatt  units 
were  restarted  later  as  the  power 
system  stabilized.   The  discoloration 
of  the  tailwater  was  due  to  deposi- 
tions in  the  outlet  works  being  dis- 
turbed by  the  seismic  activity. 

Pro vi lie  Dam 

Lake  Oroville  was  filled  to  an  eleva- 
tion of  273  metres  (897.5  feet)  on 
June  24,  1975.   Drawdown  of  the 
reservoir  started  immediately  there- 
after because  of  released  for  down- 
stream needs. 

Special  inspections  of  the  facilities 


commenced  after  the  magnitude  3.8  fore- 
shock  which  occurred  at  0845  (8:45  a.m.) 
PDT,  August  1,  1975,  and  were  increased 
after  the  main  event  at  1320  (1:20  p.m.) 
PDT. 

Inspections  and  more  frequent  reading 
of  instruments  continued  throughout 
the  intense  aftershock  period.   Inspec- 
tions covered  all  internal  galleries 
and  accessible  tunnels;  the  dam  slopes, 
crest  groins,  and  abutment  areas;  and 
adjacent  structures. 

Accelerometers 

Acceleration  data  were  provided  by  four 
accelerometers  (Figure  3)  (force- 
balance  type)  installed  in,  or  imme- 
diately adjacent  to,  Oroville  Dam  and 
by  three  U.  S.  Geological  Survey  (USGS)  • 
DWR  cooperative  progreim  strong-motion 
accelerographs  located  in  the  grout 
gallery,  on  the  crest,  and  at  the  sen- 
sitive seismograph  station  ORV  north- 
west of  the  dam.   During  the  August  1 
earthqucJte,  the  instrument  in  the  grout 
gallery  was  inoperable  because  of  a 
disconnected  wire  that  was  foiind  and 
corrected  that  day.  All  others 
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Figure  4.     Acceleration  Records  August  1,   1975,  Main  Event 


provided  acceleration  recordings. 

During  the  main  event,  records  of  the 
four  accelerometers  were  interrupted 
by  a  malfunction  of  the  standby  power 
switching  equipment,  which  occurred 
during  the  interval  of  high  accelera- 
tion (Figure  4) .   This  equipment  was 
immediately  repaired.   The  recorders 
are  activated  by  an  acceleration  of 
0.01  g  on  the  vertical  transducer  of 
the  accelerometer  at  the  base  of  the 
dam  (A-3) . 

During  the  main  shock,  maximum 
recorded  acceleration  at  the  base  of 
the  dam  was  0.09  g  in  the  upstream- 
downstream  and  vertical  directions, 
compared  with  0.13  g  transverse  to 
the  river.   However,  higher  values 
may  have  occurred  during  the  period 
for  which  the  record  is  missing.   Two 
of  the  many  aftershocks  produced  peak 
recorded  accelerations  of  0.08  g  and 
0.09  g  upstream-downstream.   Vertical 
and  cross-river  components  were  not 
decipherable  for  these  two  aftershocks. 
All  other  recorded  acceleration  peaks 
were  less  than  0.05  g,  with  different 
components  being  the  highest  in  the 
different  events. 

The  acceleration  records  for  the  main 
event  for  the  two  crest  instruments, 
the  base,  and  station  ORV,  are  shown 
in  Fig\ire  4.   In  general,  accelera- 
tions during  the  main  shock  measured 
at  the  dam  base  are  smaller  than 
those  recorded  by  the  USGS-DWR  strong- 
motion  instrument  located  at  the 
seismograph  station  ORV  (note  that  the 
two  instruments  do  not  measure  in  the 
same  direction) .   A  con^sarison  between 
the  two  crest  instruments  shows  that 
the  USGS-DWR  instrument  measured 
slightly  higher  accelerations. 

An  interesting  factor  brought  out  by 
examination  of  the  aftershock  records 
is  the  amplification  of  acceleration 
between  A-4  (crest)  and  A-3  (base) . 
This  is  illustrated  in  Figure  5,  which 
is  a  plot  of  the  ratio  of  peak   accel- 
erations measured  at  A-4  and  A-3, 


versus  the  peak  acceleration  measured 
at  A-3,  for  the  component  of  motion 
paorallel  to  the  river.   It  shows  that 
the  amplification  depends  heavily  on 
the  magnitude  of  input  acceleration 
(A-3) .   This  relationship  has  been 
observed  in  other  instances  and  can  be 
explained  as  follows:   With  larger  base 
input  motion,  there  is  an  increase  in 
embankment  strain  and  damping. 

The  other  two  directional  components 
indicate  simileir  amplification  patterns 
but  these  are  not  as  pronoxinced.   Gen- 
erally, amplification  at  the  embedded 
accelerometers,  A-1  eind  A-2,  was  not 
as  great  and  more  exceptions  occurred. 

Dynamic  Pore  Pressure  Cells 

Dynamic  pore  pressure  cells  are  located 
in  the  upstream  transition  and  Shell 
Zones  2  and  2  (Figure  3) .   The  system 
is  activated  and  data  recorded  when 
acceleration  of  about  2-percent  grav- 
ity is  exceeded  at  Accelerometer  A-3, 
which  is  roughly  a  shock  of  magnitude 
4.0  to  4.5  within  approximately  12 
kilometres  (7.5  miles)  of  the  dam. 
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Figure  5.    Motion  Amplification,  Crest  to  Base 
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ordlngs  of  dynamic  pore  pressures 
^re  made  during  19  events.   The  meixi- 
mum  response,  82.6  kilopascals  (12  psi) , 
was  recorded  for  Cell  No.  1  during 
the  main  event.   This  cell  also 
responded  most  frequently.   Local 
material  gradation  may  be  a  factor 
in  cell  response. 

Embankment  Soil  Stress  Cells 

The  soil  stress  cells  are  located  in 
the  downstream  Shell  Zone  3  (Figure  3). 
The  3-inch  diameter  cells  are  placed 
in  five  groups  of  three  each.  One 
cell  is  placed  horizontally  and  mea- 
sures vertical  stresses;  the  other  two 
measure  stresses  at  45  degrees  from 
horizontal  upstream  auid  downstream, 
respectively. 

Two  transducers  are  located  in  each 
cell.  One  measures  both  static  and 
dynamic  stress;  eind  the  other  measures 
static  stress  only.   These  instruments 
are  triggered  in  the  same  manner  as 
are  the  pore  pressure  cells. 

Recordings  of  dynamic  stress  were 
obtained  during  nine  events,  but  only 
those  events  that  exceeded  magnitudes 
of  5.0  provided  meaningful  results. 
Both  static  and  dynamic  stresses  were 
the  greatest  in  the  vertical  direction. 
The  maximum  dynamic  component,  151.5 
kilopascals  (22  psi) ,  occurred  during 
the  main  event.   Consistency  of  direc- 
tion for  the  dynamic  stress  components 
was  found  for  the  three  events  with 
magnitude  of  5.0  or  greater  and  for 
respective  cell  orientation. 

Static  stress  readings  remained  con- 
stant throughout  the  period  of  seis- 
micity.   Static  vertical  stresses 
measured  at  the  dam  were  within  ■¥_  10 
percent  of  the  values  determined  by 
the  static  finite  element  method 
analysis.   However,  measured  values 
from  the  instruments  sloped  at  45 
degrees  were  consistently  lower  than 
calculated  values,  and  probably 
resulted  from  difficulty  of  obtaining 
as  good  embanJcment  contact  on  both 


sides  of  the  sloping  cells. 

Static  Piezometers 

Fifty-seven  hydraulic  piezometers  were 
installed  in  the  Oroville  Dam  eind  founda- 
tion (Figure  6) .   Piezometer  P-1  located 
in  foundation  rock  beneath  the  core 
block,  has  been  indicating  a  small  re- 
sponse to  fluctuations  of  the  lake.   The 
earthqioakes  caused  a  pressure  rise  of 
approximately  4.2  metres  (14  feet).   The 
peak  pressure,  however,  remained  well 
below  historic  values.   Piezometer  P-2 
recorded  no  appreciable  pressure  rise 
from  reservoir  loading  since  it  measures 
the  downstream  seepage  pool  pressure. 

Of  the  piezometers  placed  in  pervious 
embankment  zones,  only  one  registered  a 
pressure  rise  from  the  earthquakes. 
Piezometer  P-32,  located  in  the  upstream 
transition,  registered  a  total  rise  of 
12.1  metres  (40  feet).   The  assumption 
is  that  the  gradation  of  the  material 
surrounding  this  instrvanent  permits  a 
pressure  rise  to  be  sustained. 

The  pressures  in  the  core  (Zone  1)  have 
generally  reflected  the  loading  of  the 
lake  as  it  goes  through  annual  fluctua- 
tions.  The  low  and  high  peaks  have 
also  generally  dropped  a  few  feet  each 
year,  indicating  dissipation  of  pressures 
developed  during  construction. 

Increases  in  pressvure  within  the  core 
(Zone  1)  subsequent  to  the  main  seismic 
event  varied  from  zero  to  a  maximum  of 
16.5  metres  (54  feet)  of  water.   Repre- 
sentative seismic  response  for  the  core 
piezometers  at  different  elevations  is 
shown  on  Figure  7.   The  largest  increases 
generally  occurred  in  mid-elevation  of 
the  core.   Even  though  this  rise  is  sub- 
stantial, none  of  the  pressures  exceeded 
values  recorded  during  the  previous 
period  of  high  reservoir  stage. 

The  piezometers  downstream  of  the  core 
in  the  pervious  zones  remained  at  zero 
pressure. 

The  maximum  pressvure  increase  occurred 
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during  the  main  shock.   The  peaik  was 
reached  on  August  3,  after  which  the  ^ 
number  and  magnitude  of  the  shocks   / 
decreased.  The  pore  pressure  pat-  / 
terns  for  August  3,  and  August  3, 
before  the  main  earthquake  and  at 
peak  pressure,  are  shown  on  Figure  8. 
A  second  peak  occurred  on  August  6, 
resulting  from  the  magnitude  4.7 
aftershock  on  August  5. 

Through  December  1975,  continued  low- 
ering of  the  lake  level  and  the  dis- 
sipation of  some  of  the  pressure 
induced  by  the  earthquake  caused  pore 
pressures  to  drop.  / 

Drainage  Measurements 

The  earthquake  caused  no  change  in 
the  seepage  flow  rate  at  the  down- 
stream toe  weir.   The  flow  remained 
approximately  50  litres  (14  gallons)    / 
per  minute  (Figure  9) . 

Drainage  from  the  core  block  increased 
from  approximately  305  litres  (80  gal- 
lons )  per  minute  before  August  1  to 
335  litres  (89  gallons)  per  minute 
after  August  2,  and  up  to  345  litres 
(91  gallons)  per  minute  after  August  14. 
Most  of  this  change  is  attributed  to 
increases  in  seepage  from  the  grout 
gallery  drain  holes  on  the  right  side 
of  the  dam.   The  change  in  drainage 
from  core  block  drain  holes  was  negli- 
gible.  By  the  end  of  September,  the 
seepage  rate  had  reduced  to  326  litres 
(86  gallons)  per  minute. (Figure  9). 
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Figure  9.     Drainage  Flows 

measured  by  surveys,  was  approximately 
10  millimetres  (0.03  foot)  (July  18  to 
August  12,  1975) .   Normal  settlement 
at  that  point  in  the  same  period  would 
have  been  about  2  millimetres  (0.006 
foot) .   The  surface  settlement  pro- 
files are  shown  on  Figure  12. 

Horizontal  Movement  of  the  Embankment 


Embankment  Settlement 

The  internal  settlement,  as  measured 
at  the  top  of  Crossarm  A  (Figure  10) 
between  June  11,  1975  and  August  5, 
1975,  was  15  millimetres  (0.05  foot). 
This  is  almost  the  same  settlement 
measured  during  the  previous  year 
June  25,  1974,  and  Jiine  11,  1975 
(Figure  11) .  Most  of  the  settlement 
occurred  in  the  lower  one-third  of 
the  embankment. 

The  mciximum  crest  settlement,  as 


Internal  horizontal  movements  were  rela- 
tively insignificant.   The  maximum  mea- 
sured change  after  the  earthquakes  was 
less  than  25  millimetres  (0.08  foot),  a 
rate  that  generally  agrees  with  the 
pattern  of  movement  since  installation. 

Most  of  the  horizontal  movement  mea- 
sured at  the  crest  monuments  between 
July  9,  1975  and  August  9,  1975  showed 
upstream  movement  up  to  a  maximum  of 
15  millimetres  (0.05  foot)  at  Station  51. 
All  but  one  monument  at  elevation  228.9 
metres  (751  feet)  showed  downstream 
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Figure  12.     Surface  Settlement  Profile 
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movement  with  a  maximum  of  12  milli- 
metres (0.04  foot)  at  Station  46. 

Core  Block 

Static  instriomentation  in  the  concrete 
core  block  includes  (1)  stress  meters 
to  measure  pressures  imposed  by  the 
emban)aaent  soils  on  the  concrete; 
(2)  strain  meters  to  measure  deforma- 
tion in  the  concrete  surrounding  the 
access  gallery;  (3)  joint  movement 
meters  between  monoliths;  and  (4)  exten- 
someters  to  measure  movement  across 
the  crack  beneath  the  parapet. 

When  the  downstream  fill  above  the 
core  block  was  placed,  pressures  from 
that  direction  caused  a  rotation  of 
the  parapet  and  cracking  occurred. 
The  cracks  and  all  the  monolith  joints 
in  the  core  block  were  filled  with 
grout. 

A  maximum  stress  increase  of  405  kilo- 
pascals  (59  psi)  occurred  near  the 
heel  of  the  core  block  between  July  1, 
1975  and  August  2,  1975.   The  remain- 
ing meters  generally  showed  small 
decreases  in  stress.   Following  the 
reading  taken  August  2,  most  meters 
showed  that  stresses  tended  to  return 
to  normal  values. 

Strains  measured  at  the  soffit  and 
walkway  of  the  core  block  access  gal- 
lery were  extremely  small.   The  maxi- 
mem  cheuige  July  1,  1975,  to  August  18, 
1975,  was  27  millionths.  The  magni- 
tude of  these  changes  was  within  the 
range  of  those  observed  during  three- 
month  intervals  before  the  seismic 
activity. 

Extensometer  readings  taken  after 
August  showed  that  some  small  changes 
had  occurred  in  the  cracks  and  joints 
of  the  core  block.   The  cracks 
opened  a  maximum  of  0.1  millimetre 
(0.004  inch);  the  joints  closed  a 
maximum  of  0.1  millimetre  (0.004 
inch) .  Most  joint  closures  measure 
0.025  millimetre  (0.001  inch).   By 
the  end  of  August,  these  readings  had 


returned  to  their  normal  val 

Grout  Gallery 

Instruments  in  the  grout  galleiy 
include  (1)  stress  meters  located  at 
Station  8+24  and  at  Station  23+70  to 
measure  stresses  in  the  concrete 
lining  of  the  gallery  caused  by  load- 
ings on  the  outside  of  the  structure; 
(2)  pore  pressure  cells  at  Station  23+70 
to  measure  pressure  at  the  rock-concrete 
interface;  and  (3)  strain  meters  at  vari- 
our  stations  to  measure  strain  on  the 
inside  gallery  surface. 

Little  change  in  stress  occurred  at 
the  instrumented  sections.   The  maximum 
change,  110  kilopascals  (16  psi) ,  is 
in  line  with  changes  which  have  pre- 
viously occurred. 

Pore  pressure  at  the  instrumented  sec- 
tion increased  103  kilopascals  (15  psi) 
upstream  and  55  kilopascals  (8  psi)  at 
the  downstream  side. 

One  meter,  located  at  the  gallery  soffit 
(Station  34+87) ,  showed  an  increase  in 
strain  of  81  millionths  after  the  first 
day  of  activity.  All  other  changes 
were  insignificant.   Later  readings 
generally  indicated  a  return  to  original 
values . 

Oroville  Dam  Spillway 

Flood  Control  Outlet  Pore  Pressure 

The  pore  pressure  cells,  located  under 
the  flood  control  outlet  bays,  show 
their  normal  pattern  associated  with  the 
declining  lake  elevation. 

Edward  Hyatt  Powerplant 

Edward  Hyatt  Powerplant,  whose  position 
in  relation  to  Oroville  Dam  is  shown  in 
Figure  13,  consists  of  seven  bays,  one 
for  each  of  the  six  generators  and  on 
one  service  bay.   Instrumentation  for 
each  of  the  unit  bays  is  shown  in 
Figure  14. 
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Figure   13.     Edward  Hyott  Powerplont  -  General   Site  Plan 
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Figure  14.     Edword  Hyatt  Powerplant  -  Location  of  Inslrumenls 

These  instruments  Indicated  that  the 
earthqueJce  and  its  foreshocks  and  after- 
shocks caused  very  little  disturbance 
at  the  powerhouse.   Seepage  measure- 
ment at  the  power  plant  sump  remained 
constant.   Inspection  of  the  under- 
ground power  plant  disclosed  no  damage 
or  indication  of  distress.   Small  sta- 
lactites on  the  rock  in  the  roof  of 
the  plant  excavation,  which  can  easily 
be  loosened  with  only  a  slight  touch, 
remained  xindisturbed. 

Parish  Camp  and  Bidwell 
Canyon  Saddle  Dams 

These  dcuns  were  inspected  and  found  to 
be  in  good  condition  with  no  apparent 
damage. 

Thermalito  Diversion  Dam 

The  monitoring  of  seepage,  vertical  and 


horizontal  movements,  and  inspections 
verified  that  the  Thermalito  Diversion 
Dam  came  through  the  seismic  activity 
in  excellent  condition.  Monuments  on 
the  dam  crest  settled  about  one  milli- 
metre (0.003  foot)  between  June  1974 
and  August  25,  1975.  The  maximiam  off- 
set during  this  period  was  6  millimetres 
(0.02  foot)  upstream.   These  movements 
are  consistent  with  trend  of  movements 
occurring  over  prior  years. 

Seepage  measured  at  the  gallery  sump 
pump  increased  from  28.4  to  36.0  litres 
(7.5  to  9.5  gallons)  per  minute  between 
July  1975  and  mid-August.   This  increase 
is  attributed  to  the  earthquake.   Sub- 
sequent to  the  earthquake,  the  rate 
has  steadily  declined  (Figure  15). 

Feather  River  Fish  Barrier  Dam 

The  Feather  River  Fish  Barrier  Dam  was 
inspected  nximerous  times  and  was  found 
to  be  unaffected  by  the  seismic  activity. 

Thermalito  Power  Canal 

Inspections  of  the  power  canal  revealed 
no  damage  to  the  canal  or  slopes  from 
the  seismic  activity. 
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Thermalito  Forebay  Dam 

Inspections  of  Thermalito  Forebay  Deim 
showed  no  damage,  except  for  two 
minor  cracks  along  top  of  slope  at 
Station  123+00  and  parallel  to  the 
riprap  blanket.   Piezometric  levels 
downstream  of  the  dam  remained  essen- 
tially unchanged  during  the  period  of 
activity.   A  few  piezometers  indicated 
a  small  drop,  0.3  to  0.6  metres  (1  to 
2  feet) .   This  has  been  attributed  to 
a  lowering  forebay  level. 

Drainage  measurements  remained  constant 
at  the  two  drains,  seepage  relief  sys- 
tem, and  the  culverts  into  the  tail 
channel. 


structure  did  not  exceed  any  previous 
high  values.  Minor  variations  in  the 
readings  were  measured  due  to  the  seis- 
mic activity. 

The  vertical  control  surveys  on  the 
intake  structure  from  the  initial  sur- 
vey in  July  1971  to  May  1974  (the  last 
survey  before  the  earthquake)  have 
indicated  uplift  of  cibout  3  millimetres 
(0.01  foot).   Between  the  May  1974  svir- 
vey  and  the  survey  made  in  August  1975, 
after  the  earthquake,  increases  to  3  to 
6  millimetres  (0.01  to  0.02  foot)  were 
observed.   The  greatest  increase  was 
found  at  the  right  wingwall.   The  indi- 
cated uplift  is  probably  due  to  minor 
settlement  of  the  control  bench  mark. 


Vertical  movements  of  embankment  monu- 
ments since  May  1974  are  small  _(a  maxi- 
mum of  3  millimetres  /O.Ol  foot/)  and 
follow  similar  trends  of  prior  move- 
ments . 

Thermalito  Powerplant  and 
Intake  Structure 

Inspection  of  the  Thermalito  Powerplant 
showed  no  damage  or  distress,  except 
for  minor  spalling  of  concrete  at  wall 
panel  joints. 

Measurements  taken  immediately  after 
the  primary  shock  indicated  no  change 
in  the  well  point  water  levels  or 
total  gallery  drainage.   Readings 
tciken  three  weeks  later,  following  a 
period  of  continued  seismic  activity, 
showed  an  increased  average  of  0.46 
metre  (1.5  feet)  in  nearly  all  well 
points  and  an  increase  of  approxi- 
mately 0.06  litre  per  second  (1  gallon 
per  minute)  in  total  gallery  drainage. 
The  major  increase  is  earthquake- 
related;  however,  an  annual  pattern 
has  been  established  with  higher  rates 
(near  11  litres  /J,   gallons/  per  minute) 
in  winter  and  lower  rates  in  summer. 
Readings  taken  after  August  1975 
appear  to  be  typical  of  the  annual 
pattern. 

The  stress  meters,  strain  meters  and 
uplift  cells  installed  at  the  intake 


Thermalito  Afterbay  Dam. 

Inspections  of  the  Thermalito  Afterbay 
Dam  showed  a  longitudinal  crack  on  each 
side  of  the  river  outlet  structure. 
These  are  believed  to  have  resulted 
from  the  difference  in  rigidity  between 
the  embankment  and  the  outlet  structure. 
The  cracks  do  not  materially  decrease 
the  dam's  integrity. 

Several  cracks  found  on  the  crest  of 
the  training  levees  downstream  of  the 
river  outlet  structure  (Figure  16)  were 
not  entirely  unexpected  because  the 
levees  were  not  as  highly  compacted  as 
the  dam.   The  levees  remained  in  a  safe, 
operable  condition. 

The  tail  channel,  which  joins  the 
Thermalito  Powerplant  with  the  afterbay, 
is  lined  with  rock  and  an  underlying 
layer  of  sandy  bedding  material.  Num- 
erous small  slips  noted  in  the  rock 
lining  do  not  constitute  a  major  prob- 
lem and  do  not  hamper  operations.   The 
slopes  and  lining  of  the  channel  were 
under  study  before  the  earthquake 
occurred  because  stability  problems  had 
been  previously  encountered  under  extreme 
drawdown  conditions. 

The  only  instruments  at  Thermalito  After- 
bay  Dam  are  open-tube  piezometers  down- 
stream of  the  embankment  and  settlement 
monuments  located  on  the  outlet 
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Figure  16.     River  Outlet  and  Fish  Barrier  Weir 


Structures  and  on  the  adjacent  embank- 
ment.  The  monuments  were  surveyed  in 
December  1973  and  on  August  6,  1975. 
The  maximum  settlement  for  this  period 
was  less  than  6  millimetres  (0.02  foot). 
The  settlement  that  occurred  during 
the  earthqucike  is  unknown  but  obviously 
minor . 

Open-tube  piezometers  located  in  areas 
adjacent  to  this  reservoir  are  provided 
for  monitoring  ground  water  conditions. 
Observation  intervals  were  not 
increased  during  this  period. 

Ongoing  Studies 

Analysis  of  Oroville  Dam  Dynamic 
Instrumentation  Data 

Acceleration  records  obtained  at  the 
base  and  at  the  crest  of  the  dam  have 
enabled  determination  of  dynamic 


material  pcirameters  for  Oroville  Dam. 

The  shecir  modulus  parameters  are  neces- 
sary input  for  dynamic  finite  element 
stability  analyses  and  would  be  of  great 
value  for  further  analyses  of  both  Oro- 
ville Dam  and  any  other  dams  constructed 
of  similar  material.   Using  "Finite 
Element"  techniques,  the  recorded  rock 
motion  measured  was  input  to  the  dam 
foundation,  and  material  parameters 
were  varied,  until  agreement  between 
calculated  and  recorded  crest  motion 
was  attained. 

Static  stress  analyses  of  the  embank- 
ment were  made  and  the  calculated  stress 
compared  to  those  indicated  by  the 
instrumentation. 

Reanalysis  of  Project  Structures 
for  Earthquake  Safety 

The  performance  of  State  Water  Project 
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facilities  during  the  August  1975  esurth- 
quake  series  indicates  their  ability  to 
withstand  seismic  loading. 

One  important  question,  however,  must 
always  be  asked:  What  would  happen  if 
a  stronger  earthqueike  occurred?  To 
answer  this  question,  a  comprehensive 
investigation  was  xandertaken  to  deter- 
mine the  maximum  earthquake  motion  that 


could  be  expected  to  occur  in  the  Oro- 
ville  area  and  to  analyze  all  critical 
structures  for  this  section. 

The  Special  Consulting  Board  review  the 
seismic  environment  of  the  Oroville 
facilities  and  concluded  that  the  follow- 
ing hypothetical  seismic  events  could 
be  used  for  safety  review  and  are  con- 
sidered to  be  very  unlikely  events: 


Distcince  of  Fault 

Richter  Magnitude 

from  Oroville  Dam 

8.4 

100  miles 

8.0 

80 

7.25 

35 

6.5 

local 

Estimated  Pecik  Acceleration 
at  Oroville  Dam 

0.05  g 
0.06 
0.15 
0.60 


A  program  for  dynamic  structural  anal- 
ysis of  critical  structures  was  imple- 
mented in  cooperation  with  the  Univer- 
sity of  California,  Berkeley.   The 
structures  to  be  analyzed  include  Oro- 
ville Dcim,  Oroville  Dam  Spillway, 
Thermalito  Diversion  Dam,  Thermalito 
Powerplant  Headworks,  Thermalito 
Forebay  Dan,  and  Thermalito  Afterbay 
Dam.   Dynamic  strength  of  material  in 
Oroville  Dam  was  determined  by  large- 
scale  laboratory  testing  conducted  by 
the  University  of  California.   Addi- 
tional exploration  and  soils  testing 
for  the  Thermalito  Forebay  and  After- 
bay  Dams  were  conducted  by  the 
Department  of  Water  Resources. 

No  structural  stability  problems  are 
anticipated;  however,  because  of  the 
complexity  of  the  study  and  the 
thoroughness  necessary,  no  final 
results  are  now  available. 

Seismic  Risk  Analyses  for 
Oroville  Facilities 

Structures  whose  failure  would  not 
produce  catastrophic  results  were 
included  under  seismic  risk  analyses 
conducted  by  Professor  H.  C.  Shah  of 
Stanford  University.   Under  these 
analyses,  the  major  factors  forming 


the  basis  of  seismic  loading  criteria 
will  be: 

Value  of  structure. 

Exposure  time  of  structure  to 
earthquake. 

Peak  ground  acceleration  during 
earthquake . 

Probability  of  exceeding  peak 
ground  acceleration  during  the 
economic  life  of  the  structure. 

Modifications  that  may  be  made 
to  structures.   (Minimal  damage 
should  occur  due  to  future  seismic 
events) . 

Cost  of  making  modifications. 
(Cheuiges  should  not  exceed  the 
damage,  replacement  and,  opera- 
tional costs  that  could  be 
expected  to  be  incurred  by  a 
future  event) . 

The  facilities  included  in  the  seismic 
risk  analysis  will  be: 

Edward  Hyatt  Intake  Structure 

Edward  Hyatt  Powerplant 
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Edward  Hyatt  Switchyard 


Summary  of  Studies  cind  Investigation 


Oroville  Operations  and  Main- 
tenance Center 

Thermalito  Powerplant 

Thermalito  Switchyard 

Investigation 

Design 


The  following  is  a  listing  of  the  studies 
and  investigations  recommended  by  the 
special  Consulting  Boeurd.   These  are 
being  implemented  by  the  Department  and 
the  estimated  completion  date  is  July  1, 
1978,  at  a  total  estimated  cost  of  1.7 
million  dollars. 

Estimated  Cost 
($1,000) 


Reevaluation  of  earth  motion  for  Oroville- 
Thermalito  facilities 

Determine  properties  of  materials  in  Oroville  Dam 

Dynamic  reanalysis  of  structures 

Develop  emergency  plans  (cost  included  in  other 
programs ) 

Keep  informed  of  results  of  research  (earthquake- 
reservoir)  (cost  included  in  other  programs) 


102 

58 

371 


Subtotal 


531 


Seismo logical 


Reappraisal  of  seismic  activity  in  the  Oroville  area 
Calibration  explosion  (to  determine  accurate 

epicenter) 
Graphical  presentation  of  seismic  records 
Permanent  seismograph  station  at  epicentral  area 
Portable  sensitive  seismograph  network 
Permanent  sensitive  seismograph  system  at  Oroville  Dam 
State  Water  Project  emergency  sensitive  seismograph 

equipment 
Modification  of  embedded  seismic  instrumentation 

(Oroville  Dam) 


102 

40 
3 
8 
3 

37 

12 
25 


Subtotal 


230 


Geological 


Determine  extent  of  fault 

Verify  nature,  age  of  last  movement,  and  extent  of 

faults  west  of  dam 
Mapping  and  trenching 
Investigate  surface  cracking 
Study  ground  water  conditions  in  epicentral  area 

Subtotal 
Geodetic  Surveys 


539 


Precise  surveys  of  Oroville  area 


400 


Subtotal 


400 


TOTAL  ESTIMATED  COST 


$1.7  million 
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Figure  17.     Historicol  Seismic  Activity  Near  Oroville,   1851-1975,  and  Seismograph  Network 


24 


Chapter  III.   SEISMOLOGY 


The  Oroville  earthquake  sequence  began 
on  June  28,  1975  with  the  occurrence 
of  several  foreshocks;  the  largest  was 
magnitude  3.8  (Table  I).   The  sequence 
appeared  to  die  out  (only  five  events 
took  place  between  July  8  and  August  1). 
Then  on  August  1,  29  foreshocks,  the 
largest  of  which  was  magnitude  4,8, 
occurred  within  the  five  hours  preced- 
ing the  main  shock.   On  August  1,  1975, 
at  2020  GMT  (1320  PDT) ,  the  magnitude 
5.7  main  shock  occurred  about  12  kilo- 
metres (7.5  miles)  southwest  of  Oroville 
Dam. 


Apparently  the  largest  Modified  Mercalli 
(MM)  Intensity  value  affecting  the  City 
of  Oroville  between  1851  and  August  1, 
1975,  was  V  (Appendix  B) .   The  largest 
earthquakes  in  the  Oroville  vicinity 
occurred  on  January  24,  1875,  and  on 
February  8,  1940.   The  1875  event  was 
probably  centered  immediately  southwest 
of  Oroville  and  was  reported  to  have 
been  felt  as  far  away  as  Carson  City, 
Nevada.   The  1940  event  was  a  shock  of 
5.7  magnitude  that  occurred  about  50 
kilometres  (31  miles)  north  of  Oroville 
Dam. 


V 


Historical  Seismic  Activity  - 

Historical  records  indicate  that  the 
Oroville  area  is  one  of  low  seismicity. 
Figure  17  shows  the  incidence  of  seis- 
mic events  occurring  within  60  kilo- 
metres (38  miles)  of  the  Oroville 
seismographic  station  (ORV)  from  1851 
to  1975.   Seismicially,  this  area  is 
eibout  half  as  active  as  the  State 
average  for  the  same  area.   The  plot- 
ted earthquakes  are  taken  from  the 
complete  seismicity  record  (Appendix  A) 
of  the  University  of  California, 
Berkeley,  Seismographic  Stations.   The 
epicenters  determined  by  instrument 
are  shown  as  solid  circles.   Earth- 
quakes known  to  have  occurred  on  the 
basis  of  actual  reports,  e.g.,  news- 
paper stories,  are  indicated  by  triangles. 

University  of  California  at  Berkeley 
seismographic  stations  were  established 
in  1887  on  Mt.  Hamilton  and  at  Berkeley. 
Additional  California  seismographic 
stations  were  established  in  the  1930s; 
however,  not  until  the  latter  part  of 
the  1940s  did  seismographic  stations 
become  sufficiently  well  distributed 
to  make  epicenter  determinations  rou- 
tinely practical  in  the  northern 
Sierra  Nevada. 


Seismic  Monitoring  1964-1976 

The  Oroville  (ORV)  seismographic  station 
was  established  in  1963,  about  one  kilo- 
metre (0.6  mile)  north  of  the  dam 
(Figures  17  and  18.)  Instrumentation 
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Figure  18.     Department  of  Woter  Resources  Local   Seiscnograr"    Network 


similar  to  that  used  in  World  Wide 
Stcindard  Seismographic  Stations  was 
installed  by  the  U.  S.  Coast  and  Geo- 
detic Survey  at  that  time.   Auxiliary 
stations  Magalia  (MGL)  cuid  Kanaka 
Pecik  (KPK)  (Figure  18)  were  estab- 
lished in  1966  and  telemetered  by 
radio  to  the  Oroville  station.   The 
portable  stations  Butte  City  (BUT) 
and  Sutter  (SUT)  were  established 
July  1,  1975,  following  the  June  28 
foreshocks.   The  station  in  South 
Oroville  (DOG)  was  established 
August  2,  1975.   Additional  stations 
were  subsequently  telemetered  to 
Sacramento,  beginning  with  the  USGS 
stations  Stimson  Road  (STI)  and  Honcutt 
(HON)  on  November  5,  1975,  Campbell 
Hill  (CAM)  on  January  16,  1976,  and 
another  permanent  Department  of  Water 
Resources  seismographic  station, 
Palermo  (PAM) ,  January  26,  1976,  near 
the  main  shock  epicenter. 

Data  recorded  at  ORV  were  analyzed  at 
UC  Berkeley  Seismographic  Stations 
from  March  1964  through  August  1968. 
With  establishment  of  data  recording 


and  processing  facilities,  the 
Department  of  Water  Resources  began 
telemetering  seismic  signals  from 
the  dam  network  to  Sacramento  in 
July  1968.   Subsequently,  the  seismo- 
graphic records  have  been  analyzed 
by  Department  personnel  in  Sacramento. 

The  results  of  seismic  monitoring 
near  Oroville  are  shown  in  Figure  19. 
The  histogram  shows  nvimbers  of  earth- 
quakes within  10-kilometre  (6  mile) 
increments  of  radius  out  to  50  kilo 
metres  (31  miles)  and  ORV  (see  also 
Figure  18) .   The  general  increase  in 
seismicity  after  July  1,  1968,  (evi- 
dent in  Figxire  19)  is  in  part  real 
and  in  part  attributable  to  increased 
recording  system  magnification  that 
resulted  when  the  Department  of 
Water  Resources  began  telemetering 
the  Oroville  station  seismographic 
data  to  Sacramento  in  July  1968. 
The  preponderance  of  this  increase 
in  seismicity  is  greater  than 
30  kilometres  (19  miles)  from  the 
Oroville  station  and  is  well  distrib- 
uted azimuthally  and  in  time.   No 
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Figure  19.     Analysis  of  Seismic  Activity  Near  Oroville  -  Water  Surface  Elevation  of  Lake  Oroville 
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increase  in  seismicity  occurred  in  the 
0 -to -10-kilometre  (6wiiile)  increment 
and  only  a  slight  increase  is  evident 
in  the  10 -to -20 -kilometre  (6 -to -12- 
mile)  increment. 

The  elevation  of  the  water  surface  of 
Leike  Oroville  is  also  shown  in  Figiire 
19.   From  November  1967  until  March 
1968 ,  the  reservoir  filled  to  about  229 
metres  (750  feet).  The  reservoir  was 
first  filled  to  capacity  of  274  metres 
(900  feet)  in  July  1969.   The  largest 
fluctuation  in  level  occurred  in  the 
winter  of  1974-75,  when  the  reservoir 
was  lowered  to  229  metres  (750  feet) 
elevation.   Dviring  the  six-year 
period  of  near -maximum  water  storage, 
the  histogram  indicates  no  significant 
fluctuations  in  the  local  seismicity 
within  a  30-kilometre  (19-mile)  radius 
of  the  dam.   The  very  low  level  of 
local  activity  continued  through  the 
1974-75  drawdown  and  refilling. 

On  June  28,  the  foreshocks  of  the 
Oroville  sequence  began.   These  events 
are  shown  in  Figure  19  in  the  0-to-lO- 
and  10 -to -20 -kilometre  (6 -to -12 -mile) 
ranges  in  June  and  July.   For  August, 
September,  and  October  1975,  the 
number  of  aftershocks  in  O-to-20- 
metre  (12 -mile)  range  (plus  the  29 
foreshocks)  are  represented  numerically 
in  Figure  19.   During  the  first  day  or 
so  following  the  main  shock,  the  seis- 
mic traces  of  many  quakes  were  obscured 
by  previous  events,  so  that  epicentral 
distances  were  not  determinable.   Also, 
because  of  the  large  number  of  shocks, 
most  of  these  events  have  not  been 
einalyzed.  More  than  4,000  aftershocks 
were  recorded  in  the  three  months 
following  the  main  shock.   The  great 
majority  of  these  were  below  magni- 
tude 2.0. 

Earthquake  Hypocenters 
cuid  Magnitudes 

Oroville  earthquake  hypocentral  param- 
eters and  magnitudes  from  June  28, 
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1975,  through  March  31,  1976,  are 
listed  in  Table  I.  -/     The  list  includes 
all  ecirthquakes  of  magnitude  2.5  or 
greater  and  a  few  smaller  ones.  A  plot 
of  epicenters  of  these  earthquakes  is 
shown  in  Figure  20.   In  the  western 
part  of  the  aftershock  zone,  the  earth- 
quakes are  generally  8  to  9  kilometres 
(5  to  6  miles)  deep.   The  depths  become 
generally  shallower  toward  the  eastern 
side  of  the  aftershock  zone,  indicating 
a  fault  plane  dipping  down  toward  the 
west. 

The  Richter  5.7  magnitude  estimate  of 
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Figure  20.     The  Oroville  Sequence  of  Epicenters 
June  28,   1975  -  March  31,  1976 


2/  Tables  I  and  2  follow  Appendix  B  at  the  end  of  the  bulletin. 
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the  main  shock  was  determined  at  the 
UC  Berkeley  Seismographic  Station  by 
averaging  the  individual  estimates 
from  Wood-Anderson  seismographs  at 
Areata,  5.7;  Berkeley,  5.7;  Mt. 
Hamilton,  5.6;  and  Stanford,  5.7. 

The  hypocenters  listed  in  Table  I  were 
determined  with  the  USGS  HYPO  71  epi- 
center program,  which  evolved  from  the 
program  in  use  at  UC  Berkeley.   Station 
corrections  were  determined  for  the 
nine-station  network  shown  in  Figure  17 
to  improve  the  accuracy  of  hypocenter 
determinations.   Using  the  station 
corrections  in  the  epicenter  determina- 
tion of  the  magnitude  4,8  foreshock 
(8.1  seconds  before  the  main  event) 
moved  the  epicenter  about  10  kilometres 
(6  miles)  east  of  the  uncorrected  deter- 
mination.  Remaining  systematic  errors 
may  be  as  much  as  1  kilometre  (0.6 
mile)  southwest  from  the  actual  epi- 
centers.  This  possible  error  is 
indicated  by  (1)  a  calibration  chemical 
explosion  specially  detonated  within 
the  aftershock  zone,  and  (2)  a  compari- 
son with  USGS  array  locations,  and 
assumes  that  the  USGS  network  is 
sufficiently  dense  to  result  in  more 
accurate  determinations. 

With  the  addition  of  HON,  STI,  CAM,  and 
PAM  to  the  network  (Figure  18) ,  the 
'  accuracy  of  the  sxibsequent  epicenter 
determinations  is  probably  within  1  kilo- 
metre (0.6  mile).   Also,  the  epicenters 
for  more  earthquakes  below  magnitude 
2.5  were  determined. 

Earthquake  Sequence  Characteristics 

Time  History  of  the  Sequence 

The  Oroville  sequence  included  21  fore- 
shocks  with  magnitudes  of  1.6  or  greater, 
the  main  shock,  and  158  aftershocks  with 
magnitudes  of  2.5  or  greater  through 
March  31,   1976.   Seventeen  aftershocks 
with  magnitudes  of  4.0  or  greater  were 
recorded  during  that  time.   The  last 
aftershock  with  a  magnitude  of  4.0  or 
greater  was  recorded  on  November  15,  1975 
(as  of  June  15,  1976). 


Figure  21  shows  the  number  of  aJ 
per  day,  recorded  at  the  Orovill( 
beginning  at  the  time  of  the  magn^ 
5.7  main  shock.   As  the  days  becoifl 
"compressed"  by  the  logarithmic  scale, 
the  rate  of  occurrence  per  day  is  deter- 
mined as  an  average  over  an  increasingly 
larger  number  of  days.   A  linear  log-log 
relationship  is  indicated,  with  the  pro- 
jected rate  of  daily  occurrence  deminish- 
ing  to  one  in  about  500  to  600  days  from 
the  August  1,  1975,  starting  point.   No 
lower  magnitude  limit  is  placed  on  the 
data.  Most  of  the  earthquake  magnitudes 
are  below  2.0. 

Magnitude  occurrence 

Figures  22  and  23  show  plots  of  the 
relation  log  N  =  a-bM^,  where  N  is  the 
cumulative  number  of  earthquakes  that 
are  above  and  include  some  value  of 
magnitude.   The  constants  "a"  and  "b" 
are  determined  from  data  plotted  in  the 
figures.   The  value  of  "a"  depends  on 
the  area  in  which  the  data  were  gath- 
ered, time  dxiration,  and  the  areal  seis- 
micity.   The  value  of  "b"  is  related  to 
the  proportion  of  large-to-small  earth- 
quakes in  the  data  set.   The  value  of 
"A"  can  vary  considerably  between  regions. 


L06(N)  =  3.49(10.04)  -  0.6I(±0.0I)Ml 
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Figure  22.    Oroville  Aftershocks  b  Values 
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MAGNITUDE 
Figure  23.    Oroville  Foreshocks  b  Values 

but  "b"  remains  fairly  constant, 
reportedly  varying  from  0.5  to  1.5,  but 
chiefly  between  0.7  and  1.0.   The  "b" 
values  determined  in  Figures  22  and 
23  appear  in  Table  II. 

In  Figures  22  and  23,  all  magnitudes 
of  2.8  or  greater  values  were  computed 
from  UC  Berkeley  Wood-Anderson  seismo- 
graphs.  The  smaller  magnitudes  were 
in  all  cases  determined  from  the  peak 
amplitudes  recorded  on  short-period 
vertical  instruments,  using  an  empirical 
relation  between  magnitude  and  ampli- 
tude . 

Because  of  the  proximity  of  the  Oroville 
earthquakes  to  Lake  Oroville,  the  ques- 


tion of  their  possible  relationship 
naturally  arises.   At  this  time,  no 
satisfactory  mechanism  is  available  to 
explain  the  relationship  between  res- 
ervoirs cuid  earthquakes  that  are 
apparently  reservoir-induced.   However, 
investigations  into  this  relationship 
have  shown  what  may  prove  to  be  signi- 
ficant differences  between  the  b- 
factors  of  reservoir-induced  earth- 
quake sequences  and  "nomiallY"  occurring 
tectonic  earthquake  activity  within  the 
same  region. 

In  Table  II,  b-values  of  three  signifi- 
cant cases  of  reservoir-associated 
earthquake  sequences  (Gupta  et  al,  1976), 
and  their  respective  regional  values 
are  compared  with  values  for  California 
sequences  and  regions.   Note  that  the 
b-values  of  the  Kariba  (Africa) , 
Kremasta  (Greece) ,  and  Koyna  (India) 
foreshocks  are  each  greater  than  their 
respective  aftershocks.  Also,  the  fa- 
values  of  these  sequences  are  higher 
than  their  respective  adjoining 
regional  values.   It  may  be  significant 
then  that  the  Oroville  sequence  fore- 
shock  and  aftershock  b-values  are 
lower  than  the  regional  values  for 
Northern  California  and  that  the 
Oroville  foreshock  b-value  is  less  than 
the  aftershock  values. 

Fault  Plane  Solutions 

Preliminary  results  of  fault  plane  solu- 
tions indicate  that  faulting  involved 
in  the  Oroville  sequence  is  predominantly 
normal,  with  a  north-northwest  strike 
and  a  dip  of  about  60  degrees  to  the 
west.   The  area  west  of  the  fault  moved 
down  in  relation  to  the  east. 
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Chapter  IV.   GEOLOGIC  INVESTIGATIONS 


Geologic  Setting 

Geologic  History 

The  epicentral  area  of  the  August  1, 
1975,  earthquake  lies  along  the  western 
edge  of  the  low  foothills  of  the  Sierra 
Nevada.   The  foothills  become  more 
rugged  toward  the  east  and  finally 
grade  into  the  main  Sierra  Nevada.   To 
the  west  lies  the  broad  Sacramento 
Valley. 

Because  much  of  the  western  foothill 
belt  is  underlain  by  Paleozoic  and 
Mesozoic  m^etamorphic  rocks,  it  is  fre- 
quently referred  to  as  the  western 
metamorphic  belt  of  the  Sierra  Nevada. 
The  older  metamorphic  rocks  had  their 
beginnings  during  Paleozoic  time,  when 
the  Sierra  Nevada  region  lay  beneath  a 
prehistoric  sea  and  received  sediments 
from  both  east  and  west.   As  the  sedi- 
ments accumulated,  a  north- trending 
synclinal  trough  began  to  subside  and 
to  fill  with  sedimentary  and  volcanic 
materials  during  the  late  Triassic  and 
Jurassic  periods. 

During  the  Mesozoic  era,  granitic  magma 
was  generated  in  the  synclinorium  and 
emplaced  in  the  Sierra  Nevada  plutons 
by  a  series  of  three  intrusions,  the 
last  of  which  probably  occurred  about 
85  million  years  ago.  After  the  gran- 
itic rocks  were  emplaced,  the  ancestral 
Sierra  Nevada  was  uplifted  during  the 
Nevadan  orogeny.   Erosion  accompanying 
the  uplift  stripped  away  miles  of 
material,  exposing  the  granitic  rocks 
seen  today  in  the  Sierra  Nevada.   A 
period  of  volcanic  activity  began  in 
the  northern  and  central  Sierra  Nevada 
about  middle  Oligocene  time  (about  30 
million  years  ago)  and  continued  into 
the  Miocene.   During  late  Pliocene, 
the  northern  Sierra  Nevada  was  tilted 


strongly  to  the  west.  Erosion  during 
the  Quaternary  period  since  this  last 
stage  of  tilting  formed  the  landscape 
seen  today. 

Other  Interpretations  of 
Geologic  History 

The  scenario  of  geologic  history  de- 
scribed above  has  been  the  traditional 
one.   During  recent  years,  however,  the 
concept  of  plate  tectonics  has  gath- 
ered momentum  and  there  is  a  growing 
trend  to  reexamine  various  geologic 
features,  including  the  western  foot- 
hill belt  of  the  Sierra  Nevada,  in  the 
light  of  plate-tectonic  theories. 

Some  geologists  suggest  that  the  west- 
ern foothill  bel%  represents  an  old 
boundary,  or  subduction  zone,  between 
the  Northern  American  and  Pacific 
crustal  plates,  and  that  some  Mesozoic 
oceanic  crust  crops  out  in  what  is 
interpreted  to  be  an  ophiolite  sequence 
in  the  "Smartville  Block".   Others  put 
forth  the  theory  that  the  foothill 
metamorphic  belt  was  a  late  Jxirassic 
oceanic  ridge  which  was  telescoped  by 
folding  and  faulting  during  the  Nevadan 
orogeny.   These  various  theories  on  the 
origin  of  the  foothill  metamorphic  belt 
will  be  kept  in  mind  as  geologic  investi- 
gations progress,  because  the  differing 
concepts  could  influence  subsequent 
analysis  of  tectonic  style  and  seismicity. 

Local  Geology 

The  oldeE_jnetamorphic_rpck^_in_J;lie  west- 
ern foothill  belt  are_called  the 
Bedr6ck  Series.  In  the  epicentral  area, 
the  Bedrockr-Series  cQnsistof  an  unnamed 
metavolcanic  rock  unit  rich  in  amphibole 
minerals,  and  the  Oregon  City  Formation, 
a  series  of  metavolcanic  and  pyroclastic 
rocks.   To  the  north,  primartIy''around 
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the  north  borders  of  Lake  Oroville,  are 
outcrops  of  metasedimentary  rocks  of  the 
Paleozoic  Calaveras  Formation.   These 
three  older  rock  units  constitute  most 
of  the  older  rocks  in  the  Oroville  area. 
Typically,  foliation  in  the  metamorphic 
rocks  has  a  northerly  strike  and  steep 
dips. 

Overlying  the  Bedrock  Series  are  Cre- 
taceous and  younger  sedimentary  and 
volcanic  rocks  called  the  Superjacent 
Series.   These  rocks  rest  unconform- 
ably  on  the  Bedrock  Series  and  dip 
gently jsgst  beneath  younger,  flat- 
/  lying  Pleistocene  fluvial  deposits  of 
'  the  Red  Bluff  Formation  and  Holocene 
\  alluvial  deposits  in  the  Sacramento 
7alley. 
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Geologic  maps  made  prior  to  the  Oro- 
ville earthquake  show  little  faulting 
in  the  Oroville  area.   The  more  signi- 
ficant faults  revealed  by  earlier 
geologic  work,  consist  of  three  faults 
shown  in  Figure  25  in  J:he  Bedrock  Ser- 
ies west  of  Oroville  Dam.   No  faults 
were  shown  in  the  epicentral  area. 

Foothills  Fault  System 

The  major  structural  feature  in  the 
western  metamorphic  belt  of  rocks 
is  the  Foothills  Fault  System,  which 
extends  from  the  vicinity  of  Lake 
Almanor  southward  for  approximately 
320  kilometres  (200  miles) .   The 
fault  actually  splits  into  two  sep- 
arate fault  zones  —  the  Melones 
Fault  zone  to  the  east  and  the  Bear 
Mountains  Fault  zone  to  the  west 

(Figure  24) .   The  Bear  Mountains 
Fault  zone  ends  at  Folsom  Lake. 
North  of  Folsom  Lake,  faulting,  or  a 
broad  shear  zone,  is  shown  on  vari- 
ous geologic  maps  as  continuing  north- 
west and  ending  southeast  of  the 
Oroville  earthquake  epicenter 

(Figure  24) . 

The  northern  part  of  the  Bear  Moun- 
tains Fault  zone  is  reportedly 
intruded  and  truncated  by  both  the 


Rocklin  pluton  of  granodiorite  and  the 
Horseshoe  Bar  quartz  diorite  in  the 
vicinity  of  Folsom  Lake.   Radiometric 
dates  of  rocks  from  these  plutons  have 
potassium  argon  dates  of  131  and  142.9 
million  years,   respectively,  indicating 
that  the  northern  part  of  the  Bear  Moun- 
tains Fault  zone  has  not  moved  signifi- 
cantly for  over  100  million  years.   In 
the  Melones  Fault  zone  to  the  east,  most 
of  the  gold-bearing  quartz  veins  that 
formed  California's  famed  Mother  Lode 
were  emplaced  in  fissures  related  to 
the  Melones  Fault  zone,  and  it  has  long 
been  believed  that  no  significant  move- 
ment occurred  along  the  fault  system 
since  the  gold-bearing  quartz  veins  were 
emplaced,  about  100  million  years  ago. 

Although  geologic  evidence  suggested 
no  significant  fault  movements  had 
occurred  along  the  Foothills  Fault  Sys- 
tem for  a  long  time,  it  was  recognized 
that  earthquakes  occur  along  the  foot- 
hill belt.   The  historic  pattern  of 
earthquakes  from  1850  to  1970  shown  on 
Figure  24  depicts  the  pattern  of  seis- 
micity  for  120  years  prior  to  the  fill- 
ing of  Oroville  Reservoir.   During 
this  period  of  record,  seismic  activity 
was  noticeably  greater  north  of  about 
Camp  Far  West  Reservoir. 

The  few  earthquakes  of  magnitude  4.0  or 
greater  occurred  in  the  north,  and  the 
largest  event  recorded  was  a  1940  earth- 
quake which  equaled  the  1975  Oroville 
earthquake  in  magnitude.   The  1940  magni- 
tude 5.7  earthquake  was  29  kilometres 
(18  miles)  north  of  Lake  Oroville.   The 
greater  seismic  activity  to  the  north 
may  be  due,  at  least  in  part,  to  volcanic 
influences,  for  it  is  near  the  Mt.  Lassen 
area,  the  scene  of  surface  eruptions  in 
1915. 

Program  of  Investigation 

Field  Reconnaissance  Inunediately 
After  Earthquake 

Immediately  after  the  Oroville  earthqucike, 
a  team  of  DWR  geologists  went  into  the 
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field  to  look  for  evidence  of  surface 
fault  movement  and  other  fugitive  geo- 
logic evidence  that  would  be  visible 
only  briefly.   A  number  of  lurch  cracks, 
fill  settlements,  and  other  types  of 
cracking  were  investigated,  but  were 
not  considered  indicative  of  fault 
movement.   On  August  6,  1975,  while 
following  up  a  report  from  Butte  County 


officials.  Department  geologists  found 
cracks  near  Cleveland  Hill  south  of 
Wyandotte.   This  crack  system, which  was 
apparently  related  to  surface  fault 
movement,  was  about  1.6  kilometres 
(1  mile)  long  and  trended  north  toward 
Lake  Oroville.   An  immediate  check  was 
made  to  see  if  the  cracking  extended 
farther  north  and  was  endangering 
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Figure  25.     Generalized  Geology   Epicentrol   Area,  with  Location  of  Mainshock,   Aftershock  Zone,  and  Ground  Cracking 
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project  facilities,  but  no  cracking  was 
found  to  the  north.   Three  known  faults 
west  of  Oroville  Dam  (Figure  25)  were 
also  checked  for  signs  of  surface  move- 
ment, but  no  evidence  of  movement  was 
found . 

Several  seeps  started  to  flow  just 
east  of  the  larger  fault  on  Oro  Dam 
Boule  ard,  about  2.4  kilometres  (1.5 
miles)  west  of  Oroville  Dam  (Figure  26) , 
The  Palermo  Canal  is  upslope  nearby, 
and  water  from  the  canal  is  believed 
to  have  leaked  to  the  seeps  from 
cracks  newly  opened  by  ground  shaking 
or  by  strain  along  the  fault  imme- 
diately to  the  west. 

Imagery  and  Photography 

Dioring  the  week  after  the  Oroville 
earthquake,  the  Department  obtained 


new  black  and  white  aerial  photographs 
of  the  foothill  area  around  Lake  Oroville , 
Both  vertical  and  low  sun-angle  photo- 
graphs were  taken  with  sufficient  over- 
lap to  provide  sterographic  pairs.   In 
addition,  DWR  obtained  prints  of  aerial 
infrared  (IR)  color  photographs  taken 
previously  in  the  Oroville  area  from  U-2 
planes.   ERTS/LANDSAT  remote  sensing 
imagery  of  the  area  was  obtained,  first 
in  band  5  and  later  in  false  color 
composites  using  bands  4,  5,  and  7. 
Side-looking  airborne  radar  (SLAR) 
imagery  of  the  Oroville  area  was 
obtained  from  Woodward-Clyde  Consultants 
in  Oakland,  California. 

The  photography  and  imagery  were  exam- 
ined for  lineaments, which  were  plotted 
on  topographic  maps.   Field  inspections 
were  then  started  to  see  if  the  linea- 
ments appeared  to  be  faults.  Exploratory 


Figure  26.     New  Seep  That  Started  in  Metavolcanic  Rock  Along  Oroville  Dam  Boulevard, 
2.44  kilometres  (1.5  miles)  West  o(  Oroville  Dam  Crest 
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trenches  then  were  planned  along  sus- 
pected lineaments  to  confirm  faulting. 
For  the  Oroville  investigation,  linea- 
ments were  laid  out  on  topographic  maps 
for  some  distance  south  of  the  reser- 
voir.  The  follow-up,  with  field 
investigations  and  trenching,  has  been 
done  only  between  the  Cleveland  Hill 
cracking  and  Oroville  Dam  and  Lake, 
because  the  most  essential  task  was 
tracing  the  active  fault  toward  these 
facilities. 

From  all  the  lineaments  plotted  during 
eeirly  geologic  investigations,  there 
were  three  strong  northerly  trending 
lineaments  that  caught  the  attention 
of  all  investigators  and  received 
most  of  the  subsequent  geologic 
investigations.   Portions  of  these 
three  lineaments  were  named  the  Swain 
Ravine,  Paynes  Peak,  and  Prairie 
Creek  lineaments  by  Woodward-Clyde 
Consultants ,  for  geographic  features 
in  their  study  locale.   The  same  nom- 
enclature is  used  in  this  report,  but 
is  applied  to  apparent  northerly  exten- 
sions of  Department  of  Water  Resources 
interpretations  of  the  same  features 
(see  Figure  58  on  page 

Coordination  With  Other  Agencies 

To  avoid  duplication  of  work,  and  to 
help  implement  a  large,  difficult 
investigation,  certain  aspects  of  the 
work  were  coordinated  with  other  state 
and  federal  agencies. 

California  Division  of  Mines 
and  Geology 

Because  good  detailed  geologic  maps  of 
the  epicentral  area  were  lacking,  the 
California  Division  of  Mines  and  Geol- 
ogy was  asked  to  perform  geologic 
mapping  in  the  vicinity  of  the  epi- 
center, mainly  in  the  foothill  parts 
of  the  Bangor  and  Palermo  quadrangles. 
This  work  is  still  in  progress. 

U.  S.  Geological  Survey 

For  several  weeks  after  the  earthquake. 


a  team  of  U.  S.  Geological  Survey  geol- 
ogists and  seismologists  worked  in  the 
field  gathering  data.   The  U.  S.  Geol- 
ogical Survey  investigations  centered 
primarily  on  seismological  considera- 
tion.  As  a  consequence,  the  two  agen- 
cies are  coordinating  chiefly  seismol- 
ogical endeavors  which  are  discussed  in 
Chapter  III,  Seismology,  of  this 
bulletin. 

U.  S.  Army  Corps  of  Engineers  and 
U.  S.  Bureau  of  Reclamation 

Auburn  Dam  is  now  under  construction  on 
the  American  River  by  the  Bureau  of 
Reclamation.   The  U.  S.  Army  Corps  of 
Engineers  is  investigating  the  possi- 
bility of  a  dcim  at  the  Parks  Bar  site 
on  the  Yuba  River,  and  has  New  Melones 
Dam  under  construction  farther  south. 
All  three  projects  are  influenced  by 
the  Foothills  Fault  System.   Because  of 
this,  the  Bureau,  the  Corps,  and  the 
Department  of  Water  Resources  have  a 
mutual  interest  in  evaluating  seis- 
micity  of  the  Foothills  Fault  System. 
Consequently,  the  three  agencies  con- 
fer every  month  or  two  and  exchange 
information  from  their  studies  of  the 
Foothills  Fault  System. 

Woodward-Clyde  Consultants         , 

Woodward-Clyde  Consultants  had  previ- 
ously made  a  preliminary  investigation 
of  the  seismicity  of  the  Foothills 
Fault  System  for  the  Pacific  Gas  and 
Electric  Company.   After  the  Oroville 
earthquake,  they  studied  the  U.  S.  Corps 
of  Engineers '  Parks  Bar  damsite  and  then 
launched  into  larger,  more  comprehensive 
studies  for  PG&E,  the  U.  S.  Bureau  of 
Reclamation,  and  the  U.  S.  Army  Corps 
of  Engineers.   Both  Woodward-Clyde  and 
their  clients  have  been  most  cooperative 
in  exchanging  information  of  interest 
to  the  Department  of  Water  Resources. 

Cleveland  Hill  Crack  Zone 

The  ground  cracking  found  along  the  fault 
at  Cleveland  Hill  on  August  6  occurred 
either  during  or  shortly  after  the 
Oroville  earthquake.   Ground  cracking 
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Figure  27.     Closeup  o(  Cleveland  Hill  Crack.    Maximum  Opening  24  millimetres  (0.95  inch) 


Figure  28.     Cleveland  Hill  Crock  Zone  Showing  Downdrop  on  West  (Left)  Side  of  Crock 
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Figure  29.     Cleveland  Hill  Crack  Zone  Showing  en  Echelon  Crack  Pattern  with  Right 
Lateral  Sense  of  Movement  USGS  Bench  Mark  in  Background 


near  Cleveland  Hill  consisted  of  en 
echelon  cracks  in  a  zone  varying  from 
about  1.0  metre  (3,0  feet)  to  7  metres 
(22.5  feet)  wide  and  1.6  kilometres 
(1.0  mile)  long.   A  southeast-trending 
branch  near  the  midpoint  extended  for 
200  metres  (610  feet)  .   After  about  6 
weeks,  the  cracks  widened  to  about  40 
millimetres  (1.6  inches),  and  in  sev- 
eral places,  the  west  side  had  dropped 
as  much  as  30  millimetres  (1.2  inches). 
By  the  middle  of  October  nearly  all  the 
crack  system  was  displaced  visibly  down- 
ward on  the  west  side.   The  general 
lift-stepping  en  echelon  crack  pattern 
suggests  a  right-lateral  strike  slip 
movement  (Figures  27,  28,  and  29). 

Four  trenches  were  dug  at  locations 
along  the  Cleveland  Hill  crack  zone 
(shown  on  Figure  30)  to  confirm  that 
the  siirface  cracking  was  related  to  a 
fault  (Figures  31  through  37) .   Three 


of  the  trenches  (Trenches  A,  B,  and  D; 
Figure  31)  were  excavated  through  shal- 
low colluvium  and  into  weathered  bed- 
rock.  The  fourth  trench  (Trench  C)  was 
dug  in  deep,  loose  colluvium  with  high 
ground  water  and  was  not  logged. 

The  three  trenches  in  bedrock  encoun- 
tered a  steep,  west-dipping  fault  zone 
about  2  metres  (6.5  feet)  wide  in  meta- 
volcanic  rock.   The  surface  cracking 
was  either  Over  or  near  the  gouge  zone 
in  the  fault  exposed  by  the  trenching. 
No  cracking  or  displacement  could  be 
seen  in  the  gouge  zone.   The  lack  of 
visible  cracking  in  the  gouge  could 
have  been  caused  by  the  obliteration  of 
hairline  cracks  by  the  cutting  action 
of  the  backhoe. 

Because  of  the  irregular  contact  between 
the  overlying  soil  and  the  metavolcanic 
rock,  past  movements,  particularly  small 
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Figure  30.     Location  of  Cleveland  Hill  and  Mission  Olive  Crock  Zones  and  Sites  of  Exploration  Trenches 
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Figure  31.     Logs  o(  Exploration  Trenches  Along  Cleveland  Hill   Crock  Zone 
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Figure  32.     Trench   B,   Showing  North  Woll.     Smooth   Surface  of 
Trench  Wall   in  Bottom  Half  of  Picture  is  Gouge 
Zone,  Lath  of  Right  Side  Marks  Location  of 
Surface  Crack 

movements,  are  difficult  to  detect  by 
displacement  of  the  soil-bedrock  con-   / 
tact.   Moreover,  the  thin  soil  cover 
did  not  contain  distinctive  marker 
horizons  that  could  be  correlated 
with  certainty.   The  three  Cleveland 
Hill  trenches  indicate  that  no  obvious 
movement  occurred  since  the  soil  formed 
on  the  metavolccuiic  rocks.   However, 
small  displacements  such  as  those  devel- 
oped by  the  August  1,  1975  earthquake, 
could  have  occurred  numerous  times 
dviring  the  past  without  leaving  evi- 
dence in  the  geologic  record. 

The  metavolcanic  rocks  broken  by  the 
Cleveland  Hill  Fault  cire  presumed  to 
be  upper  Paleozoic  in  age,  although 
this  presumption  is  based  upon  rather 
tenuous  evidence  —  primarily  the 
degree  of  metamorphism  and  the  rela- 
tionship to  other  formations.   This 
would  make  the  metavolcanic  rocks 
around  300  million  yeeurs  old,  and  few 


'igure  33.     Trench  Site  D,  Cloth  Tape  Along  Trend  of  Crock 
Zone,  Trench  Location  Marked  by  Folding  Rule 


would  deny  that  the  rocks  are  old,  even 
though  an  upper  Paleozoic  age  might  be 
debatable.   This  means  the  Cleveland   -, 
Hill  Fault  developed  some  time  during   V 
the  last  300  million  years.   If  the 
northerly  extension  of  the  Bear  Moun- 
tain Fault  is  intruded  by  the  131-million- 
year-old  Rocklin  pluton,  then  the  Bear 
Mountains  Fault  zone  and  other  faults 
in  the  foothill  belt,  such  as  the  Cleve- 
land Hill  Fault,  may  have  formed  some 
time  between  300  and  131  million  years 
ago. 

The  history  of  fault  activity  during 
more  recent  geologic  times  is  difficult 
to  determine.   The  fault  at  Cleveland 
Hill  does  not  have  the  obvious  earmarks 
of  a  recently  active  fault,  such  as 
sharp  distinct  scarps,  displaced  Holo- 
cene  deposits,  or  disrupted  stream  gra- 
dients. Along  much  of  the  Clevelemd 
Hill  cracking,  there  is  little  visible 
evidence  to  suggest  faulting,  but  a 
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Figure  34.     Ground  Crocks  at  Trench  Site  D  Accentuated  with  Point  for  Photogroph 


Figure  35.     View  along  Clevelond  Hill    Foult  Showing  Trenches  A,   B,  and  C.       Although 

slight  break   in   slope  in  vicinity  of  Trench   B  is  interpreted  by   some  as  possible 
old  foult  scarp,  topographic  evidence  of  post  faulting  is  generally  lacking  in 
this  area. 
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Figure  36.     Clevelond  Hill  Crack  Zone  goes  between  two  USGS  bench  morks  near  fence  and 
to  right  of  trailer  in  background.    Note  absence  of  features  thot  would  suggest 
recent  movement  in  this  area.     View  looking  north  from  vicinity  of  Trench  D). 


Figure  37.     Cleveland  Hill   Crack  Zone  in   foreground  goes  beyond  fence  to  dark  spot  (seep) 
in  grass  beyond  fence.     Seep  and  gully  are  features  characteristic  of  fault  zone 
Strong  lineament  extends  south  of  gully.     View  looking  south  from  vicinity  of 
Trench  D. 
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seep  and  linear  topographic  depression, 
or  gully,  at  the  south  end,  are  typical 
geomorphic  expressions  of  faulting. 

Both  the  trenching  and  the  topography 
indicate  large  displacements  have  not 
occurred  along  the  fault  zone  since 
the  present  soil  developed  upon  the 
bedrock  surface.   In  other  words,  geo- 
morphic processes  proceeded  at  a 
faster  rate  than  fault  movement,  sug- 
gesting that  fault  displacements  were 
small  and/or  infrequent  during  the 
current  erosional  cycle. 

Relationship  of  Cleveland  Hill 
Cracking  to  Earthquake 

As  shown  on  Figure  25,  the  main 


epicenter  of  the  earthqucJce  occurred 
7  kilometres  (4.3  miles)  west  of  the 
surface  cracking  seen  near  Cleveland 
Hill.   Most  of  the  aftershocks  occurred 
in  a  zone  starting  at  the  zone  of  sur- 
face cracking  and  extending  west  as 
shown  on  Figure  25.   The  aftershocks 
occurred  at  a  shallower  depth  in  the 
eastern  part  of  the  zone  and  at  greater 
depths  in  the  western  part  of  the  zone. 

The  surface  cracking,  the  main  earth- 
quake hypocenter,  and  general  distribu- 
tion of  aftershocks  at  depth  suggest  a 
fault  dipping  about  60  degrees  west 
and  striking  about  25  degrees  west 
(Figure  38) .   This  is  compatible  with 
first-motion  analyses  developed  by 
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Figure  38.     Relationship  of  Cleveland  Hill   Cracking  to  Mainshock  Hypocenter 
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Figure  39.     Local  Ground  Cracking  on  Zumwalt  Property  along  "Polermo  Cracking  Zone" 
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Figure  40.     East  Crack   Zone  on  Mission  Olive  Road 


Figure  41.    Mission  Olive  Crock  Zone  Across  Paving  on  Foothill  Boulevard 
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most  seismologists.   It  is  presumed 
that  the  Cleveland  Hill  cracking  is 
along  the  fault,  or  one  of  the  faults, 
related  to  the  Oroville  earthquake  of 
August  1,  1975,   Because  of  its 
importance,  the  entire  Cleveland  Hill 
crack  zone  was  mapped  at  a  scale  of 
one  inch  to  10  feet  during  late  Aug- 
vist  and  early  September. 


Palermo  Crack  Zone 


Field  verification  of  reports  of  ground 
cracking  after  the  earthquake  failed 
to  reveal  any  fault  movements  other 
than  the  Cleveland  Hill  cracking. 
When  the  various  lurch  and  settlement 
cracks  investigated  were  plotted  on  a 
map,  one  group  of  ground  cracks  formed 
a  northwest-trending  alignment  from 
Palermo  to  South  Oroville,  roughly 
following  the  western  toe  of  the  foot- 
hill metamorphic  belt.   This  align- 
ment of  cracks  ranges  from  faint 
cracks  diagonally  crossing  roadways 
to  distinctive  cracks  extending  tens  of 
of  metres.   There  were  some  areas  of 
strongly  shattered  ground,  with  cracks 
open  to  75  millimetres  wide  (3.0  inches). 

This  crack  zone,  the  "Palermo  Crack 
Zone"  (Figiires  25  and  39),  is  of  partic- 
ularly interest,  because  it  falls 
along  the  northwest  projection  of  the 
Prairie  Creek  lineament,  a  strong 
lineament  that  extends  some  distance 
southward  and  along  the  approximate 
west  boundary  of  a  large  shear  zone 
shown  on  the  Chico  sheet  of  the  Geolo- 
gic Map  of  California.   The  cracks  also 
line  up  roughly  with  a  northwest  trend- 
ing series  of  faults  in  the  Pliocene 
Formation  to  the  northwest. 

The  linear  arrangement  of  ground  crack- 
ing along  a  lineament  cind  its  relation- 
ship to  mapped  faults  to  the  north  and 
south  give  rise  to  the  suspicion  that 
a  throughgoing  northwest-trending  fault 
system  may  lie  underneath  the  "Palermo 
Crack  Zone".   Such  a  fault  system  could 
be  hidden  by  younger,  unbroken.  Pleis- 
tocene Red  Bluff  Formation  and  Holocene 
alluvial  deposits. 


Continuation  of  Ground  Cracking 
After  Earthquake 

Early  in  October  1975,  two  roughly  paral-' 
lei  crack  zones  were  found  north  of  the 
Cleveland  Hill  cracking.   The  new  cracks, 
called  the  Mission  Olive  crack  zone, 
were  about  400  metres  (1,300  feet)  apart 
and  had  a  northerly  strike  (Figure  30) . 
The  cracks  are  similar  to  the  original 
cracking  near  Cleveland  Hill  but  are 
not  as  continuous.   They  extend  inter- 
mittently about  2.0  kilometres  (1.25 
miles)  north  and  break  the  asphalt  pave- 
ment where  they  cross  Mission  Olive 
Road  (Figure  40) .   The  westerly  crack 
zone  also  breaks  the  pavement  on  Foot- 
hill Boulevard  farther  to  the  north 
(Figure  41) .   Neither  road  was  cracked 
in  August  when  all  paved  roadways  north 
of  the  Cleveland  Hill  crack  zone  were 
inspected  for  cracking  toward  the  Oro- 
ville facilities. 

In  February  1976,  another  182  metres 
(600  feet)  of  new  cracking  was  found 
south  of  Mount  Ida  Road  during  inspec- 
tion of  a  proposed  trench  site  along 
the  lineament  extending  north  from  the 
east  branch  of  the  Mission  Olive  crack 
zone  (Figure  30  ) .   The  short  crack  zone 
was  2.7  kilometres  (1.7  miles)  from  Lake 
Oroville.   This  northern  crack  was  not 
present  in  October  1975,  when  the  area 
was  visited  by  a  Department  of  Water 
Resources  geologist  and  a  site  selected 
for  Trench  No.  8. 

When  first  found  on  February  9,  1976,  the 
cracks  appeared  very  fresh.   When  exam- 
ined again  on  February  20,  1976,  the 
cracks  were  much  more  difficult  to  follow, 
partially  because  of  rain  and  the  growth 
of  new  grass.   It  is  estimated  the  new 
cracks  probably  occurred  during  the 
first  week  in  February  1976.   In  August 
1976,  several  hundred  more  feet  of 
apparently  fresh  cracking  was  found  to 
the  north. 

Known  ground  cracking  now  totals  6.6 
kilometres  (4.1  miles)  and  has  progressed 
to  within  2.3  kilometres  (1.4  miles)  of 
the  Bidwell  Canyon  Saddle  Dam  at  Lake 
Oroville. 
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Because  the  precise  time  of  cracking 
is  not  known,  the  progressive  north- 
ward cracking  cannot  be  related  to 
any  particular  aftershock  or  series 
of  aftershocks.   The  progression  may 
be  caused  by  a  lag  in  strain  adjust- 
ments being  propagated  updip  along 
the  fault  system  from  the  main  shock 
hypocentral  area  to  the  ground 
surface. 

Geodetic  Work 

Immediately  after  the  Oroville  earth- 
qucJce,  survey  crews  from  the  Depart- 
ment of  Water  Resources  and  U.  S. 
Geological  Survey  releveled  a  number 
of  level  lines  in  the  vicinity  of 
Lake  Oroville,  extending  south  as  far 
as  the  town  of  Wyandotte.   Bench  marks 
surveyed  in  the  Oroville  area  are 
shown  on  Figure  43.   This  survey  work 
showed  the  ground  elevation  had  low- 
ered in  some  areas  since  previous 
third-order  surveys  dating  back  to 
the  1940s.   This  lowering,  or  sag, 
was  found  in  an  area  north  of  the 
Cleveland  Hill  crack  zone. 

Within  a  week  after  the  earthquake, 
the  U.  S.  Geological  Survey  installed 
five  special  arrays  of  survey  monu- 
ments along  the  crack  zone  at  Cleve- 
land Hill  to  monitor  movement  in  the 
immediate  vicinity  of  the  crack  zone. 
The  USGS  surveys  of  these  monuments 
showed  that,  for  some  time  after  the 
earthquake,  the  west  side  of  the 
crack  zone  moved  downward  and  the 
horizontal  distance  lengthened  in  an 
east-west  direction  across  the  crack. 
These  measurements  suggest  normal 
fault  movement  resulting  from  eastward 
extension. 

When  it  became  known  in  October  1975, 
that  cracking  was  progressing  north- 
ward, additional  level  lines  were 
established  by  the  Department  of  Water 
Resources  across  the  crack  zone  on 
Mission  Olive  Road,  and  a  new  level 
line  brought  south  to  cross  the 
Cleveland  Hill  crack  zone.   Relevel- 
ing  along  both  Mission  Olive  Road 
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and  across  the  Cleveland  Hill  zone 
indicated  the  west  side  of  the  fault 
continued  to  drop. 

Because  the  cracking  was  trending 
towards  the  Bidwell  Canyon  arm  of  Lake 
Oroville,  leveling  was  done  along  the 
Bidwell  Canyon  Saddle  Dam.   The  results 
of  these  surveys  are  shown  in  Figure  42. 
The  two  drops  in  the  elevation  profiles 
near  bench  marks  BB-2  and  BB-8  probably 
show  normal  settlement  of  embankment  at 
places  of  maximum  embankment  height, 
rather  them  crustal  movement.   For  the 
rest  of  the  monuments,  with  some  on 
original  ground,  most  of  the  change  in 
elevation  since  the  1969  survey  is 
assumed  to  be  due  to  minor  crustal  move- 
ments continuing  after  the  Oroville 
earthquake.   Elevations  are  about  10 
millimetres  (0.40  inch)  lower  on  the 
west  side  of  the  dam,  indicating  a 
westerly  tilt,  or  lowering  to  the  west. 
The  1969  survey  also  indicated  this 
trend. 

Four  shears  exposed  by  the  foundation 
excavation  are  also  shown  in  Figure  42. 
None  are  believed  to  be  the  fault  along 
which  ground  cracking  occurred,  but  this 
is  not  certain,  because  the  fault  loca- 
tion in  the  vicinity  of  Bidwell  Canyon 
Saddle  Dam  is  not  known  precisely.   The 
fault  is  believed  to  be  west  of  the  dam. 

By  October  1975,  geodetic  data  indicated 
that  the  block  west  of  the  fault  zone 
had  dropped  down  and  that  the  movement 
was  still  continuing.   The  geodetic  work 
was  corroborated  further  by  visual  evi- 
dence, for  the  cracks  along  the  Cleveland 
Hill  Fault  were  even  wider  euid  cracks 
were  breaking  new  ground  to  the  north. 
Another  level  line  was  extended  south- 
ward to  the  vicinity  of  Bangor  to  mea- 
sure elevation  changes  along  the 
southeastern  projection  of  the  fault 
zone.   This  southerly  level  line  has 
been  surveyed  only  once,  so  it  is  not 
possible  yet  to  determine  whether  mea- 
surable movement  is  occurring  to  the 
south  of  Cleveland  Hill. 

The  settlement  contours  shown  on 
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Figure  42.     Changes  in  Crest  Elevation  of  Bidwell  Bar  Saddle  Dam  between  November  1962  and  February  1976 


Figure  43  are  a  computer  plot  of 
changes  in  ground  elevations  between 
postearthquake  surveys  in  August  1975 
and  in  February  1976.   They  do  not 
show  any  settlement  which  may  have 
occurred  during  the  August  1,  earth- 
qucike  and  the  early  aftershock  period. 
For  these  computations  Bench  Mark 
No.   OM-24,  the  easternmost  bench  mark 
shown  on  Figure  43,  was  used  as  a  base 
elevation  and  presumed  to  have  remained 
unchanged.   Surveys  extended  east  from 
OM-24  to  known  stable  bench  marks  vali- 
date the  assumption  that  Bench  Mark 
OM-24  is  stcible. 

The  settlement  contours  shown  on 
Figure  43  show  a  general  lowering  of 
ground  elevation  west  of  a  north- 


trending  zone  that  coincides  approxi- 
mately with  the  Cleveland  Hill  Fault 
and  the  associated  Swain  Ravine  linea- 
ment. Maximum  settlement  of  30  milli- 
metres (1.2  inches)  occurred  in 
depressed  areas  west  of  the  Cleveland 
Hill  Fault  and  also  north  of  Oroville 
Dam.   Settlement  of  the  Oroville  Dam 
foundation  was  about  15  millimetres 
(0.6  inch). 

It  should  be  noted  from  the  settlement 
contours  that  the  postearthquake  settle- 
ment seems  to  form  a  broad,  poorly 
defined  trough  with  a  bottom  width  of 
about  3  kilometres  (1.9  miles).   This 
trough,  or  depression,  has  a  northerly 
trend  and  is  bordered  on  the  east  by 
the  zones  of  ground  cracking.   Surveys 
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EXPLANATION 
Settlement  Contour  Interval  =     5  Millimetres 
°V       Bencti  Mark  Control  Point 
Surface  Crocking 


BANGOR 


Figure  43.     Changes  in  Ground  Elevations  in  Oroville  Area,  August  1975  to  February  1976 
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extended  west  of  the  depression  indi- 
cate that  settlement  diminishes  west- 
ward and  approaches  zero  in  the 
vicinity  of  Richvale,  16  kilometres 
(10  miles)  west  of  Oroville. 

The  present  plan  is  to  relevel  the 
main  level  lines  during  the  summer  of 
1977.   If  considerable  movements  are 
still  being  detected  by  the  leveling 
program,  surveys  will  be  continued  at 
approximately  six-month  intervals  . 
The  leveling  across  Bidwell  Canyon 
Saddle  Dam,  which  shows  some  partially 
explained  anomalies  at  the  original 
ground  monuments,  will  also  be  con- 
tinued at  approximately  six-month 
intervals . 

1940  Magnitude  5.7  Earthquake 

The  Oroville  area  has  generally  been 
considered  to  be  a  region  of  relatively 
low  seismic  activity.   Prior  to  1975, 
however,  58  earthquakes  were  recorded 
with  a  60-kilometre  (37-mile)  radius 
of  Oroville  damsite.   This  record 
includes  only  the  larger  or  more 
recent  shocks,  because  prior  to  the 
1940s,  only  a  few  seismograph  stations 
had  been  established  in  the  Oroville 
area. 

On  February  8,  1940,  an  earthquake  of 
magnitude  5.7  occxirred  north  of  Oro- 
ville.  The  earthquake  hypocenter  was 
originally  calculated  to  be  28  kilo- 
metres (17  miles)  northeast  of  Oroville 
damsite  at  a  depth  of  35  kilometres 
(22  miles).   The  seismographs  for 
this  earthquake  were  recently  reevalu- 
ated by  the  University  of  California 
Seismological  Lciboratory,  using  more 
precise  methods  than  were  available 
30  years  ago.   The  new  calculations 
shifted  the  earthquake  hypocenter  40 
kilometres  (25  miles)  northwest  of  the 
original  location  or  50  kilometres 
(31  miles)  north  of  Oroville  dcunsite, 
at  a  depth  of  20  kilometres  (12  miles) 
(Figure  44).   However,  no  fault  has 
yet  been  identified  as  a  source  for 
the  1940  earthquake. 

In  an  attempt  to  correlate  the  1940 


earthquake  to  faulting  in  the  area, 
remote  imagery  was  inspected  for  linea- 
ments and  the  lineaments  were  plotted 
on  topographic  base  maps.   These  linea- 
ments are  summarized  on  Figure  44.   A 
preliminary  field  check  of  some  of  the 
more  prominent  lineaments  proved  incon- 
clusive.  Extensive  additional  geologic 
field  study  will  be  necessary  to  reveal 
the  faults  in  the  area  so  that  the 
source  of  the  1940  earthquake  can  be 
determined. 

Trenching  Along  Lineaments  Between 
Cleveland  Hill  Crack  Zone  and 
Oroville  Reservoir 

In  May  1976,  the  Department  of  Water 
Resources  excavated  and  logged  seven 
additional  exploration  trenches 
(Figure  45) .   These  trenches  were  excav- 
ated across  several  lineaments  which  had 
been  mapped  northward  from  the  Cleveland 
Hill  and  Mission  Olive  crack  zones  area 
to  the  Bidwell  Bar  arm  of  Lake  Oroville. 

Locations  of  the  lineeiments  and  trench 
sites  are  shown  on  Figure  30.   Geol- 
ogic logs  of  the  trenches  are  included 
as  Figures  46  through  54.   The  purpose 
of  the  trenches  was  to  determine  if 
any  of  these  lineaments  reflected  the 
surface  traces  of  throughgoing  faults 
extending  northward  from  the  crack 
zone  to  Lake  Oroville. 

In  three  trenches  (Nos.  5,  7A,  and  8), 
faults  that  correlated  well  with  sur- 
face cracks  or  lineaments  or  both  were 
observed.   No  faults  were  found  in 
the  remaining  four  trenches. 

In  Trenches  Nos.  5  ajid  7A,  the  faults 
exposed  were  in  the  metavolcanic  bed- 
rock (Figures  55  and  56) .   No  evi- 
dence of  movement  on  these  faults  as 
a  result  of  the  1975  Oroville  earth- 
quake was  detected  and  no  offset  of 
the  soil-bedrock  contact  was  apparent. 

Trench  No.  8  was  excavated  in  allu- 
vivim  to  a  depth  of  3.9  metres  (12.8 
feet).   The  lower  0.5  metre  (1.6  feet) 
of  alluvium  consisted  of  permeable 
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Figure  44.     Locotion  of  1940  Mognitude  5 
Oroville 


.7  and   1966  and  1968  Magnitude  4.7   Earthquokes,   and  Lineaments  North  of  Lake 


Figure  45.     Trench  10,  View  Looking  West 


gravel  having  a  relatively  distinct 
and  regular  contact  with  an  overlying 
sandy  silt.   Evidence  of  faulting  was 
a  narrow,  steeply  dipping  disrupted 
zone  in  the  gravels,  across  which 
there  was  an  apparent  vertical  offset 
of  the  gravel-sandy  silt  contact  of 
30  millimetres  (1.2  inches),  with  the 
west  side  down  relative  to  the  east 
side  (Figure  57) .   The  disturbed  zone 
in  the  gravels  appears  to  be  the 
result  of  recent  fault  movement,  but 
the  vertical  offset  probably  occurred 
prior  to  the  1975  Oroville  events  — 
since  no  vertical  offset  was  observed 
on  the  cracks  overlying  the  fault  at 
the  ground  surface.   This  means  small 
fault  displacements  probably  occurred 
prior  to  the  filling  of  Lake  Oroville. 

Three  additional  trenches  (Nos.  12, 
13,  and  14)  were  excavated  by  Depart- 
ment of  Water  Resources  in  October  and 
November  1976.   Trenches  Nos-  12  eind 
13  exposed  apparent  bedrock  faults; 
no  fault  was  exposed  in  Trench  No.  14. 
Locations  of  the  trench  sites  are 
shown  on  Figure  30. 


The  trenching  done  thus  far  by  the 
Department  of  Water  Resources  and 
others  has  demonstrated  that  linear 
zones  of  surface  cracking  related  to 
the  Oroville  earthquake  and  aftershocks 
coincide  with  a  preexisting  fault  or 
fault  zone.   In  some  instances,  trenches 
dug  across  extensions  of  the  lineaments 
along  which  the  surface  cracking  occvur- 
red  exposed  faults  correlating  well 
with  the  mapped  lineaments.   In  other 
instances,  trenches  in  the  lineaments 
exposed  no  significant  structural  or 
geologic  features  to  account  for  the 
mapped  lineament. 

In  general,  the  faults  observed  in  the 
trenches  appeared  to  be  much  smaller 
than  would  be  expected  from  the  prom- 
inence and  extent  of  the  lineaments. 
Answers  to  the  cjuestions  regarding 
the  northward  extent  and  continuity  of 
the  faults  underlying  the  Cleveland 
Hill  and  Mission  Olive  crack  zones 
require  additional  exploration,  and 
conclusive  answers  may  not  be  obtain- 
able. 

Trenching  By  Other  Organizations 

In  January  1976,  Woodward-Clyde  Con- 
sultants excavated  three  exploration 
trenches  across  the  Cleveland  Hill  and 
Mission  Olive  crack  zones.   The  tren- 
ches were  excavated  under  contract  with 
the  U.  S.  Army  Corps  of  Engineers  as 
part  of  a  study  to  evaluate  the  poten- 
tial for  earthquakes  and  surface  fault- 
ing at  their  Parks  Bar  Afterbay  Dam 
site.   The  Afterbay  Deun  site  is  on  the 
Yuba  River  about  28  kilometres  (17 
miles)  south- southeast  of  the  trench 
locations. 

All  three  exploration  trenches  exposed 
a  preexisting  bedrock  fault  closely 
related  to  the  ground  surface  cracking. 
According  to  Woodward-Clyde  Consultants, 
interpretation  of  the  trenches  indicates 
recurrent  late  Quaternary  displacement 
on  the  Cleveland  Hill  Fault,  with  a  total 
vertical  displacement  of  46  centimetres 
(18  inches)  in  the  soil  profile  result- 
ing from  three  or  more  episodes  of 
faulting.   They  further  state  "...fault 
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Figure  46.     Trench  5 
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Figure  47.    Tench  7A  (1  of  2) 
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Figure  49.    Trench  7B 
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Figure  50.     Trench  8 
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Figure  51.    Trench  9 
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Figure  52.    Trench  10  (1  of  2) 
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Figure  54.     Trench   1 1 


Figure  55,     Beginning  Excavation  of  Trench  5  at  North  End  of  West  Crack 


Figure  56.     Portion  of  north  wall  of  Trench  5.    Foult  marked  by  string  in  right  side  of 
photograph  coincides  with  northward  projection  of  surface  crocks. 
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Figure  57.     Fault  in  south  wall  of  Trench  8.     Fault  consists  of  8  centimetres  (3  inches)  zone  of  disturbed  soil  materials 
which  were  eroded  out  by  ground  water  flowing  into  trench.     String  near  center  of  photograph  is  horizontal. 
Alluvium-colluvium   contact,  morked  by  moils,  offset  about  5  centimetres  (1.8  inches)  across  zone,  with   west 
(right)  side  down  relative  to  east  side. 
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displacement,  as  observed  in  the 
exploratory  trenches,  strongly  sug- 
ests  that  earthquakes  of  magnitude 
6  to  6-1/2  could  have  occurred  and 
the  maximum  vertical  displacement  in 
a  single  event  could  have  been  3  to 

6  inches". 

The  Corps  of  Engineers  continued 
their  study  of  the  Parks  Bar  After- 
bay  Dam  site  by  excavating  five 
additional  trenches  in  the  vicinity 
of  the  damsite.   The  trenches  were 
excavated  across  the  Swain  Ravine 
lineament  at  locations  from  1.5  to 

7  kilometres  (1  to  4  miles)  north  of 
the  Yuba  River.   In  four  of  the  tren- 
ches, bedrock  faults  and  sheared  bed- 
rock were  exposed.   None  of  the  bedrock 
structures  could  be  found  to  penetrate 
the  soil  or  surficial  materials,  and 

no  evidence  of  recent  movement  was 
noted.   No  evidence  of  faulting  or 
shearing  was  observed  in  the  remain- 
ing trench. 

Woodward-Clyde  Consultants  is  also 
engaged  in  a  study  of  the  Foothill 
Fault  System  for  the  Pacific  Gas  and 
Electric  Company.   As  part  of  this 
study,  they  have  excavated  explora- 
tion trenches  at  nine  sites  along  the 
lineament  trend,  extending  from  the 
Cleveland  Hill  area  to  the  Yuba  River. 
Four  of  these  sites  crossed  the  Cleve- 
land Hill  cuid  Mission  Olive  crack 
zones  euid  produced  results  similar  to 
those  encountered  in  the  trenches  pre- 
viously excavated  for  the  Corps  of 
Engineers . 

Trenches  at  the  other  five  sites  were 
designed  to  cross  the  Paynes  Peak 
lineament,  the  Swain  Ravine  lineament, 
or  the  Prairie  Creek  lineament.   At 
four  of  the  sites,  bedrock  structures 
interpreted  as  shears  or  faults  were 
exposed  in  the  trenches.   None  of  these 
structures  extended  upwards  into  the 
overlying  alluvivim  or  colluvium,  and 
no  indication  of  recent  movement  was 
noted.  At  the  remaining  site,  no 
structure  identified  as  a  fault  or 
shecu:  was  observed. 


Old  Fault  Zones 

The  work  of  the  U.  S,  Army  Corps  of 
Engineers,  Woodward-Clyde  Consultants, 
and  Department  of  Water  Resources  north 
of  the  Yuba  River  reveals  geologic 
structures  not  previously  mapped  in  the 
western  metamorphic  belt  of  the  Sierra 
Nevada.   The  Prairie  Creek,  Swain  Ravine, 
and  Paynes  Peak  (Figure  58)  are  three 
strong  lineaments  that  appear  to  result 
from  geologic  structure.   In  the  field, 
these  lineaments  follow  in  well-defined 
valleys  throughout  most  of  the  study 
area,  and  they  can  be  seen  on  topograph- 
ic maps  almost  as  well  as  on  the  LAND- 
SAT,  SLAR,  AND  IR  color  imagery. 

There  are  intervals  along  the  linea- 
ments where  they  are  not  clearly  visible, 
either  on  imagery  or  in  the  field.   The 
Cleveland  Hill  crack  zone  is  one  such 
poorly  defined  area  along  the  Swain 
Ravine  lineament.   However,  because 
lineaments  continue  north  and  south  of 
the  poorly  defined  zones,  they  are 
assumed  to  be  discontinuous  surface 
manifestations  of  throughgoing,  contin- 
uous geologic  structures. 

In  the  field,  the  lineaments  have  the 
appearance  of  fault  zones,  primarily 
because  they  follow  linear  valleys  and 
cross  saddles,  and  because  occassional 
seeps  and  springs  are  found  along  them. 
Exposures  of  faults  are  rare,  however, 
and  the  faults  which  are  seen  seem  too 
small  for  the  fault-like  topographic 
features  surrovmding  them.   Rocks  adja- 
cent to  the  lineament  zones  frequently 
are  strongly  foliated.   In  the  Oroville 
area,  this  foliation  usually  has  a 
northerly  strike  and  nearly  vertical 
dip. 

Trenching  by  the  Department  of  Water 
Resources,  the  Corps  of  Engineers,  cind 
Woodward-Clyde  Consultants  in  these 
zones  usually  revealed  a  fault  or 
faults  and/or  broken  rock.   Well-defined  * 
fault  planes  were  usually  thin,  although 
zones  of  broken  rocks  interpreted  as 
fault  zone  extend  several  tens  of  feet 
in  some  trenches. 
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NORTHERN    EXTENSION 

PRAIRE    CREEK 

LINEAMENT 


EXPLANATION 
Lineament 

Projection  of  Lineament 
Surface  Cracking 


Figure  58.     Lineaments  south  of  Loke  Oroville,   including  Prairie  Creek,   Swain  Ravine,   ond  Paynes   Peak,   the  three  main 
lineaments 


Most  of  the  exploratory  trenching  was 
done  along  the  Swain  Ravine  lineament, 
because  it  was  along  this  lineament 
that   the  ground  cracking  progressed   f 
northward  toward  Lake  Oroville.   A 
total  of  30  trenches  were  excavated  by 
Vcurious  investigators  along  the  three 
major  lineaments  north  of  the  Yuba 
River.   Of  these,  26  trenches  were  on 
the  Swain  Ravine  lineament,  two  on  the 
Prairie  Creek  lineament,  and  two  on 
the  Paynes  Peak  lineament.   Faults 
were  exposed  in  all  but  seven  of  the 
trenches.   Displacement  of  features 


in  either  the  soil  profile  or  the 
soil-bedrock  contact  were  found  in 
14  trenches  along  the  Swain  Ravine 
lineament,  indicating  fault  movement 
occurred  after  the  soil  cover 
developed.   Age  of  the  soil  formed 
upon  the  metamorphic  rocks  in  the 
study  area  is  not  known;  however,  the 
soil  appears  young,  and  those  who  have 
worked  with  paleosols  in  nearby  cireas 
speculate  ages  ranging  from  10,000  to 
25,000  years  ago.   The  following  tab- 
ulation summarizes  the  results  of  the 
trenching. 


RESULTS  OF  TRENCHING  ALONG  LINEAMENTS 
NORTH  OF  YUBA  RIVER 

SWAIN  RAVINE  LINEAMENT  AND  CRACK  ZONES 


EVIDENCE  OF 

TRENCHES  LISTED 

FROM 

EXPOSED 

RECENT 

NORTH  TO  SOUTH 

FAULTS 

No 
No 

MOVEMENT 

COMMENTS 

DWR  11 
DWR  10 

Anomalous 
Foliation 

DWR  13 

Yes 

Yes 

DWR  14 

No 

— 

DWR  12 
DWR  8 

Yes 
Yes 

Yes 
Yes 

15-30mm  o 
in  gravel 

DWR  9 

No 

— 

DWR  7A 

Yes 

No 

DWR  7B 

No 

— 

DWR  5 

Yes 

No 

PG&E-WCC  GRUBBS  2 

Yes 

Yes 

USCE-WCC  GRUBBS  1 

Yes 

Yes 

PG&E-  WCC  SIMS  1 

Yes 

Yes 

USCE-WCC  CLEVELAND  HILL  2 

Yes 

Yes 

USCE-WCC  CLEVELAND  HILL  1 

Yes 

Yes 

PG&E-WCC  LORRAINE  1, 

2,&3 

Yes 

Yes 

DWR-A 

Yes 

Yes 

DWR-B 

Yes 

Yes 

PG&E-WCC  CLEVELAND  HILL  3 

Yes 

Yes 

DWR-D 

Yes 

Yes 

US BR- WCC  ORANGE  AVE 

A  thru  H 

Yes 

Yes 

PG&E-WCC  PACE  1  thru 

5 

Yes 

No 

USCE  4F-1 

Yes 

No 

4F-2 

No 

— 

4F-3  &  4 

Yes 

No 

4F-5 

Yes 

No 

PAYNES 

PEAK  LINEAMENT 

PG&E-WCC  KNAPP  1 

No 

— 

PG&E-WCC  BURT  1  &  2 

Yes 

No 

PRAIRIE 

CREEK  LINEAMENT 

PG&E  -WCC  O'BRIEN  1 

Yes 

No 

PG&E-WCC  WILSON  1 

Yes 

No 
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Displacements  in  the  soil  zone  were 
seen  only  in  trenches  along  the  Swain 
Ravine  lineament  between  Lake  Oroville 
and  the  vicinity  of  the  village  of 
Bangor.   This  indicates  that  part  of 
the  zone  of  faulting  in  the  Swain 
Ravine  lineament  has  been  active 
during  the  recent  geologic  past.   It 
is  also  possible  that  undetected 
displacements  have  occurred  along 
more  of  the  lineament.   The  evidence 
seems  clear,  however,  that  recent 
movement  occurred  along  faults  in  the 
Swain  Ravine  lineament  some  distance 
south  of  Lake  Oroville  prior  to  the 
existence  of  the  lake. 

Although  studies  of  lineament  zones 
are  incomplete,  it  is  presumed  that 
the  three  main  lineaments  probably 
are  old  Mesozoic  Fault  zones  and 
represent  the  imprint  of  an  earlier 
tectonic  regional  style  —  the  mark 
of  a  regional  pattern  of  tectonic 
stresses  different  from  those  present 
today.   The  trenching  indicates  that 
these  old  fault  zones  consist  of 
broken  rock  interlaced  with  smaller 
faults.   Because  they  are  zones  of 
sheared  rock,  these  old  fault  zones 
probably  are  zones  of  weakness,  along 
which  adjustments  to  present-day  tec- 
tonic stresses  are  prone  to  occur. 

Some  minor  movements  or  adjustments 
have  taken  place  along  faults  in  the 
Swain  Ravine  linecunent  during  recent 
geologic  times,  and  small  movements 
may  have  occurred  elsewhere  but  remain 
undetected.   Recent  movements  have 
occurred  at  a  slow  rate,  certainly 
slower  than  geomorphic  processes 
obliterating  geologic  evidence  of 
fault  movement;  otherwise  there  would 
be  more  field  evidence  of  recent  fault 
movements . 

The  Swain  Ravine  and  Paynes  Peak  linea- 
ments appecir  to  extend  into  the  Bidwell 
Bar   arm  of  Lake  Oroville,  although  the 
precise  location  of  their  entry  into 
the  lake  has  not  been  determined  yet 
by  the  investigations.  Where  the 
zones  go  north  of  the  lake  is  not 


known  at  this  stage  of  investigation, 
but  they  may  merge  in  the  Icike  area, 
come  out  to  the  north  in  Canyon  Creek, 
and  continue  north  until  truncated  by 
the  Big  Bend  Fault. 

The  Prairie  Creek  zone  coincides  with 
the  "Palermo  Crack  Zone"  and  lines  up 
with  faulting  in  the  Pliocene  Tuscan 
Formation  northwest  of  Oroville.   The 
spatial  relationship  of  the  Prairie 
Creek  lineament  to  the  "Palermo  Crack 
Zone"  and  to  faulting  in  the  Tuscan 
Formation  to  the  north  suggests  the 
Prairie  Creek  Zone  may  be  a  throughgoing 
feature  of  considerable  linear  extent 
along  which  post-Pliocene  Fault  move- 
ment has  occurred.   In  any  event,  the 
northwestern  extension  of  the  Prairie 
Creek  lineament  warrants  further 
investigation. 

Results  of  Investigation 

Summary  of  Geologic  Findings 

Ground  cracking  occurred  at  Cleveland 
Hill  along  a  previously  unmapped  old 
fault  zone  in  metavolcanic  rocks  in 
the  metamorphic  belt  of  the  western 
Sierra  foothills.   This  fault  zone  is 
in  the  Swain  Ravine  lineament,  which 
strikes  in  a  generally  northerly  direc- 
tion and  appears  to  pass  through,  or 
near,  the  Bidwell  arm  of  Lake  Oroville. 
The  fault  zone  is  believed  to  dip  west 
approximately  60  degrees.   It  is  assumed 
that. the  fault  along  which  the  cracking 
occurred  is  the  fault,  or  one  in  a  sys- 
tem of  faults,  responsible  for  the 
August  1,  1975,  Oroville  earthquake. 

As  time  passed,  ground  cracking  pro- 
gressed farther  northward  along  the 
fault  zone,  and  the  original  cracking 
at  Cleveland  Hill  widened  and  appeared 
to  drop  down  on  the  west.   It  is 
assumed  that  the  postearthquake  ground 
cracking  is  caused  by  a  lag  in  strain 
adjustments  being  propagated  to  the 
surface  updip  along  the  fault  system 
from  the  main  shock  hypocentral  area. 

Geodetic  data  indicate  that  the  ground 
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levels  west  of  the  fault  zone  dropped 
downward.  The  USGS  arrays  at  Cleveland 
Hill  also  show  east-west  extension 
across  the  crack  zone.   In  short,  the 
type  of  strain  measured  suggests  normal 
faulting  along  a  north-striking  fault 
system  caused  by  regional  east-west 
extension.   Ground  elevations  continued 
to  change  after  the  earthquake,  and 
still  may  be  changing. 

Three  prominent  lineeiments  stand  out 


from  the  numerous  lineaments  detected 
in  various  kinds  of  imagery.   These 
three  are  called  the  Prairie  Creek, 
Swain  Ravine,  and  Paynes  Peak  linea- 
ments.  All  of  the  ground  cracking  was 
along  the  Swain  Ravine  lineament. 
Trenching  along  these  lineaments 
revealed  faults.   Trenches  along  the 
Swain  Ravine  lineament  between  Lake 
Oroville  and  Bangor  indicate  small 
fault  movements  have  occurred  during 
recent  geologic  times. 
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PART  2 

EVALUATION  OF  DAMS  SUBJECT  TO 
STATE  JURISDICTION  FOR  SAFETY 

By  Division  of  Safety  of  Dams 
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PART  2 

EVALUATION  OF  DAMS  SUBJECT  TO 
STATE  JURISDICTION  FOR  SAFETY 

By  Division  of  Safety  of  Dams 


The  responsibility  and  authority  for 
administration  of  Part  I  of  Division  3 
of  the  California  Water  Code,  which 
pertains  to  supervision  for  safety  of 
dcims  and  reservoirs,  rests  with  the 
Department  of  Water  Resources. 

Article  3  of  Chapter  4  of  Part  I 
requires  the  Department  to  immediately 
employ  any  remedial  means  necessary  to 
protect  life  and  property  if  the  condi- 
tion of  any  dam  or  reservoir  is  so 
dangerous  as  not  to  permit  time  for 
issuance  of  and  enforcement  of  an 
order  relative  to  maintenance  euid 
operation,  and  requires  that  the 
Department  shall  continue  in  full 
charge  and  control  of  such  dam  of  res- 
ervoir until  the  emergency  has  passed. 

Authority  for  administration  of  Divi- 
sion 3  is  delegated  by  the  Director  to 
the  Division  Engineer  of  the  Division 
of  Safety  of  Dams  for  all  jurisdic- 
tional dams,  including  those  owned  by 
the  Department  of  Water  Resources  and 
operated  by  the  Division  of  Operations 
and  Maintenance.   To  enable  prompt 
recognition  of  any  condition  that 
might  require  the  Division  of  Safety  of 
Dams  to  act  vinder  Article  3,  the  Divi- 
sion has  established  procedures  for 
reacting  to  seismic  events  that  threaten 
the  safety  of  dams  and  reservoirs  under 
its  jurisdiction. 

Part  2  describes  the  actions  taken  by 
the  Division  of  Safety  of  Dams  during 
the  Oroville  earthquake  and  summarizes 
the  resulting  evaluation  of  the  perfor- 
mance of  jurisdictional  dams  in  the 
affected  area,  including  the  Depart- 
ment owned  dams  of  the  Oroville  complex. 


It  also  discusses  (1)  new  studies  of 
the  seismicity  of  the  area  affected  by 
the  event;  and  (2)  the  effect  of  the 
earthquake  on  seismic  criteria  that 
should  be  used  for  both  design  of  new 
structures  and  evaluation  of  the  ade- 
quacy of  existing  structures  in  the 
general  area. 

Figure  59  shows  the  location  of  the 
dams  in  the  area  in  relation  to  the 
epicenter  of  the  August  1975  earthquake. 
Most  of  the  dams  within  a  64-kilometre 
(40  mile)  radius  were  inspected  by 
Safety  of  Dams  engineers.   The  owners 
of  all  other  major  dams  in  the  same 
area  inspected  their  structures  and 
reported  no  damage.   The  only  damage  to 
jurisdictional  dams  observed  by  Safety 
of  Dams  engineers  consisted  of  minor 
cracking  in  Thermalito  Forebay  cuid 
Afterbay  Dams,  structures  located  rela- 
tively close  to  the  epicenter.   In 
addition,  some  existing  spalling  of  a 
spillway  wall  joint  at  Oroville  Dam 
may  have  been  slightly  enlarged  by  the 
event. 

Field  Investigation 

Following  normal  procedure,  the  DWR 
Earthquake  Engineering  Section  notified 
the  Division  of  Safety  of  Dams  of  the 
occurrence  of  an  earthquake  near  Oro- 
ville with  a  magnitude  of  4.7  imme- 
diately following  the  event  at  0927 
(9:27  a.m.)  PDT  on  August  1,  1975.   At 
that  time  the  Division  was  also  noti- 
fied of  a  lesser  (magnitude  3.6)  shock 
that  had  occurred  42  minutes  earlier. 

The  appropriate  Division  Regional  Engi- 
neer was  immediately  informed  of  the 
event,  and  the  owners  of  all  major  dams 
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considered  sufficiently  close  to  the 
epicenter  to  be  affected  by  the  shock 
were  contacted  by  telephone. 

State  Water  Project  dams  —  particu- 
larly Thermalito  Afterbay  Dam  —  are 
located  close  to  the  epicenter,  and 
the  operating  personnel  for  those 
dams  were  telephoned  immediately.   No 
obvious  damage  to  project  hydraulic 
structures  was  reported  at  that  time, 
although  general  structural  damage  of 
unknown  severity  to  buildings  in  the 
Oroville  area  was  reported. 

At  the  time  of  the  notification  by 
the  Division  of  Safety  of  Dams,  sur- 
veillcuice  personnel  were  already  read- 
ing piezometers  and  seepage  weirs  at 
Oroville  Dam  and  visually  inspecting 
all  project  dams  of  the  Oroville  com- 
plex.  A  short  time  later  the  Regional 
Engineer  received  a  telephoned  report 
that  neither  significant  changes  in 
seepage  nor  visual  signs  of  distress 
had  been  observed. 

Oroville  Wyandotte  Irrigation  District, 
Yuba  County  Water  Agency,  Brown's  Val- 
ley Irrigation  District  and  Thermalito 
Irrigation  District  each  own  one  or 
more  major  dams  in  the  Oroville  area. 
They  were  requested  to  inspect  those 
dams  and  report  back.   In  most  instances 
the  owners  had  completed  the  inspec- 
tion of  their  dams  by  noon.   All 
reported  no  damage. 

The  main  shock  of  the  August  1  Oro- 
ville earthquake  occurred  at  1320  PDT 
euid  was  first  reported  to  have  a 
magnitude  of  between  5.9  and  6.2.   The 
owners  of  all  major  dams  located  with- 
in a  64-kilometre  (40-mile)  radius  of 
the  epicenter  (Figure  59)  were  tele- 
phoned and  requested  to  inspect  their 
dams  (most  were  already  doing  so) . 
No  unusual  circumstances  were  observed 
except  at  New  Bullards  Bar  Dam  and  at 
Oroville  Dam. 

New  Bullards  Bar  Dam 
New  Bullards  Bar  Dam  is  a  variable- 
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radius  thin-arch  dam  194  metres  (635 
feet)  high.   Operating  personnel 
reported  turbidity  of  the  seepage 
water,  with  intense  discoloration 
occurring  following  each  aftershock. 
Personnel  kept  the  dam  under  close  sur- 
veillance, reporting  frequently  to  the 
Safety  of  Dams  field  engineer,  and  the 
dam  was  thoroughly  inspected  by  the 
latter  and  the  owner's  engineer  on 
August  2,  the  day  following  the  main 
event.   The  Safety  of  Dams  engineer 
reported  that  the  foundation  seepage 
water  was  clear  at  the  beginning  of  his 
inspection,  but  that  for  a  few  minutes 
during  the  inspection,  the  water  became 
heavily  discolored  and  then  quickly 
cleared  up.   It  was  learned  after  the 
inspection  that  a  strong  aftershock 
(not  felt  at  the  dam)  had  occurred  at 
that  time. 

The  only  other  visual  indication  of 
effects  from  the  earthquake  was  a  sudden 
decrease  in  the  foundation  seepage  rate, 
which  did  not  return  to  normal  for 
several  weeks.   Subsequent  observation 
and  analyses  of  plumb  line  deflection 
and  foundation  deformation  meters  a 
few  days  after  the  event  indicated 
normal  performance  of  the  dam. 

Oroville  Dam 

Discoloration  of  water  in  the  powerplant 
tailrace  and  in  the  releases  to  the 
Palermo  Canal  through  the  left  abutment 
outlet  was  reported  by  operating  person- 
nel at  Oroville  Dam.   Two  engineers 
from  the  Division  of  Safety  of  Dams 
travelled  to  Oroville  to  inspect  the 
structure. 

The  Safety  of  Dams  engineers  observed 
that  the  Oroville  O&M  Center  was  on 
emergency  status  and  maintaining  close 
surveillance  of  the  performance  of  all 
structures  of  the  State  complex. 

The  center  was  prepared  to  react  imme- 
diately in  the  interests  of  public 
safety  in  the  event  of  a  structurally 
damaging  shock.   (Strong  aftershocks 
occurred  every  few  minutes  for  several 


hours  following  the  main  event  and,  at 
the  time  of  the  inspection,  it  was  not 
yet  clear  that  the  main  event  had  occur- 
red) .   Liaison  had  been  established 
with  Civil  Disaster  Officials  and  the 
media,  and  surveillance  personnel  con- 
tinued to  observe  surveillance  instru- 
ments and  conduct  visual  inspections 
as  the  strong  aftershocks  continued. 

The  Safety  of  Dams  engineers  inspected 
Oroville  Dam  embankment,  the  power 
plant  tailrace,  and  Palermo  Canal. 
They  observed  that  the  tailrace  water 
had  cleared  up  and  remained  clear  dur- 
ing the  series  of  aftershocks.   The 
Palermo  Canal  was  clearing  up  gradually. 

One  Safety  of  Dams  engineer  remained 
in  Oroville  overnight  to  review  all 
the  instrumentation  data  for  the 
Oroville  complex  dams.   (He  would 
also  be  on  hand  in  the  event  of  any 
problems  that  might  require  action  by 
the  Division  of  Safety  of  Dams) .   Pre- 
liminary examination,  later  verified 
by  more  detailed  review  of  the  instru- 
mentation data,  indicated  that  the 
response  of  Oroville  Dam  was  satis- 
factory. 

Oroville  Dam  and  Lake  and  other  struc- 
tures of  the  complex  were  subjected 
to  particularly  close  scrutiny  by  the 
Division  of  Safety  of  Dams  because 
the  Oroville  facilities  are  very 
close  to  the  epicenter,  have  a  high 
hazard  potential,  and  are  relatively 
new  structures.   On  August  2,  the 
embankment  crest,  groins  and  side 
slopes  and  the  spillway  of  Oroville 
Dam  were  inspected.   No  signs  of  dis- 
tress were  observed.   Concurrently, 
operating  personnel  traversed  the 
foundation  gallery,  measuring  all 
drains,  and  reported  only  a  very 
minor  increase  in  seepage  since  the 


last  detailed  observation  just  pre- 
ceding the  earthquake. 

Maintenance  personnel  accompanied  by 
a  Safety  of  Dams  geologist  examined 
the  entire  reservoir  perimeter  from  the 
air  in  the  week  following  the  earth- 
quake to  see  if  any  large  landslides 
had  been  triggered  by  the  event.  No 
gross  instabilities  of  the  perimeter 
were  detected. 

The  piezometers  were  observed  by  opera- 
ting personnel  on  August  2  following 
the  1024  (10:24  p.m.)  shock  (magnitude 
4.2),  again  following  the  1359  (1:59  p.m.) 
shock  (magnitude  5.1) ,  and  at  frequent 
intervals  for  some  time  thereafter. 
The  piezometers  continued  to  indicate 
that  the  dam  was  performing  satisfac- 
torily and  there  was  no  reoccurrence 
of  turbidity  in  the  tailwater  or  Palermo 
Canal.   It  was  concluded  that  the  turbid- 
ity observed  in  the  tailwater  was  due  to 
disturbance  of  fine  sediments  in  the 
conduit  or  near  the  intake  structure, 
rather  than  an  indication  of  transport- 
ing of  foundation  or  embankment  mater- 
ials. 

Review  of  Oroville  Dam 
Instrumentation 

The  chief  of  the  Division  of  Safety  of 
Dams  instrumentation  unit  worked  very 
closely  with  the  Operations  and  Main- 
tenance surveillance  personnel  for 
several  days  in  interpreting  and  eval- 
uating the  instrumentation  data,  and 
participated  in  the  meeting  with  the 
Special  Consulting  Board  for  Oroville 
Earthquake  the  week  following  the 
earthquake.   The  following  is  his 
report  of  the  preliminary  review  of 
the  instrumentation  data  and  was 
included  in  a  memorandum  to  the  Direc- 
tor of  Water  Resources  on  August  20,1975: 


"Prompted  by  the  morning  earthquakes  of  August  1,  field 
procedures  were  undertaken  by  the  operating  personnel  to 
record  all  piezometer  pressures  in  the  dam.  The  first  36 
piezometers  had  been  observed  and  recorded  when  the  main 
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shock  struck  at  1320  hours.  The  reading  procedures  were 
then  repeated  In  full.  Thus,  for  piezometers  1  to  36  (below 
Elevation  500),  data  were  recorded  within  hours  before  and 
after  the  main  shock.  The  equivalent  comparison  for 
piezometers  37  through  57  (above  Elevation  500),  spans  a 
period  of  a  week  from  prior  reading  on  July  25.  Piezo- 
metric  comparisons  at  these  levels  were  therefore 
functions  of  both  the  earthquake  and  the  higher  reservoir 
level  of  the  prior  week. 

"The  pressure  rise  which  accompanied  the  main  shock  was 
most  evident  on  the  lower  group  of  piezometers,  register- 
ing nominal  increases  of  23  to  27  feet  of  head  (10  to 
12  psi)  at  Elevations  340,  400  and  470.   Pressure  rises 
above  Elevation  470  were  evident  only  at  two  piezometers. 
No.  44  (Elevation  61O)  and  No.  49  (Elevation  68O). 

"All  piezometers  were  again  read  twice  on  August  2,  twice 
on  August  3j    once  on  August  4,  and  subsequently;  and  the 
pressures  have  remained  fairly  constant. 

"Observations  of  settlement  and  horizontal  displacement 
were  made  shortly  after  the  earthquake  in  the  vertical 
and  horizontal  movement  devices .   As  reported  by  the 
Division  of  Operations  and  Maintenance  personnel  at  the 
meeting  of  the  Consulting  Board  for  Earthquake  Analysis  on 
August  8,  there  was  no  Indication  of  settlement.  Neither 
was  there  indication  of  horizontal  movement  at  the  down- 
stream ends  of  the  horizontal  devices,  although  internal 
deflections  of  0.04  to  O.O6  foot  were  detected,  with 
precision  of  measurement  of  about  0.02  foot.   It  will  re- 
quire an  additional  period  of  time  to  acquire  survey 
data  from  surface  mon\jmentation  on  the  dam  and  in  the 
reservoir  area. 

"Also,  as  reported  at  the  August  8  board  meeting,  there 
were  no  significant  changes  in  the  deformations  measured 
within  the  core  block  area,  across  the  old  construction 
crack,  or  within  the  rock  mass  adjacent  to  Hyatt  Power- 
plant  chamber. 

"There  are  some  Instruments  which,  to  our  knowledge,  have 
not  yet  been  observed  subsequent  to  this  earthquake. 
These  Include  Instruments  in  the  spillway,  including 
uplift  piezometers,  and  Instruments  in  the  tunnel  plugs 
and  river  outlet  structures. 

"Preliminary  indications  from  the  voluminous  records  of 
strong  motion  monitoring  systems  in  the  dam  indicate 
that  there  were  several  losses  of  records,  or  partial 
records,  due  to  malfunction  of  various  components  of  the 
equipment.  These  systems  were  "pioneered"  for  Orovllle 
Dam,  the  first  of  their  kind.  The  designs  and  specif Ica- 
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tlons  were  later  upgraded  for  similar  systems  installed 
in  Castaic  and   Perrls  Dams.      The   intent  was  to  utilize 
the  experience  and  knowledge   subsequently  gained  to  up- 
grade and  renovate  the   Oroville   seismic   systems  at   a 
later  date.     To  a   limited  extent,    this   had  been  done. 
As  recently  as  197^*   battery  supplied   "uninterruptible" 
power  for  the  Oroville  systems  was   installed.     Replace- 
ment  of  the  acceleration  recorders,    however,    was   never 
accomplished.     The  recorders,    originally  acquired   from 
surplus   equipment  within  the  Department,   were  ultimately 
to  be   replaced  by  quick  starting  recorders  with   sufficient 
channels  for  dual  recording  of  each  accelerometer  at  two 
levels   of  amplification. 

"Other  items   of  deficiency  also  exist   in  these   systems, 
and  these  should  be  investigated  and  appropriate  action 
taken.      The   seismic   records   are   vital  to  the  process   of 
verifying  the  full   scale,    in  situ,    dynamic   properties   of 
the  dam." 


It  is  stated  in  the  preceding  quote  that 
pressure  rises  were  evident  above  ele- 
vation 470  only  at  two  piezometers.   This 
statement  was  incorrect.      Reexamination 
of  the  piezometer  data  showed  nominal 
pressure  rises  at  nearly  all  piezometers 
located  in  the  core. 

Surface  survey  results  obtained  in 
August   1975,    following  the  earthquake, 
were  compared  with  the  regular  mid-year 
survey  of  July  1975   just  prior  to  the 
earthquake.      The  August  1  quake  caused 
only  slight  changes  in  the  data.      The 
greatest  amount  of  settlement  observed 
at  the  embankment  crest  was  about  10 
millimetres    (0.03   foot) .      This   is  the 
settlement  that  would  normally  have 
occurred  during  continuing  consolidation 
over  a  six-month  period  in  the  absence 
of  any  earthquake.      Changes   in  the 
horizontal  surface  surveys  were  also 
slight.      Several  of  the  crest  monuments 
revealed  upstream  displacements,   while 
those  on  the  downstream  slope  displaced 
downstream.      The  displacement  reached  a 
maximum  of  15  millimetres    (0.05   foot) 
upstream  and  12  millimetres    (0.04   foot) 
downstream. 

Settlements  in  the  Oroville  area  por- 
trayed in  Part  1  of  this  bulletin  under 


"Geodetic  Work"   indicate  that  subsidence 
of  5  to  10  millimetres    (0.016  to  0.03 
foot)    occurred  at  Oroville  Dam  and 
Bidwell  Canyon  Dam  during  the   six 
months   following  the  earthquake. 

Data  subsequently  acquired  from  instru- 
mentation in  the  spillway,  tunnel  plug, 
and  river  outlet  structure  that  had  not 
been  observed  at  the  time  of  the 
August  20,  1975  report  did  not  disclose 
any  unusual  conditions. 

Changes  in  operating  procedures  have 
been  made  to  minimize  losses  of  accel- 
eration records,    such  as  those  lost 
during  the  earthquake  due  to  a  tempor- 
ary power   failure.      Better  maintencince 
of  electronics  has   improved  the  quality 
of  the  accelerogram  traces.      However, 
the  old  surplus  recorders  are  still 
being  used    (February  1977)    to  record 
accelerations  at  a  single  level  of  ampli- 
fication,  and  investigations  to  deter- 
mine how  the   system  should  be  renovated 
are  continuing. 

Further  deterioration  of  the  dynamic 
stress  monitoring  system  beyond  that 
revealed  by  the  system's  performance 
during  the  earthquake  resulted  from  a 
lightning  strike  in  September  1976. 
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The  system  may  not  be  repairable 
because  the  damage  appears  to  be  In 
Instrijment  components  that  are  deeply 
embedded  In  the  embankment,  although 
it  still  can  be  used  for  periodic 
determinations  of  static  stress  at 
some  locations. 

The  strong-motion  accelerographs  in 
the  crest  vault  and  in  the  grout  gal- 
lery were  replaced  with  new  accelero- 
graphs in  late  1975.  A  further  expan- 
sion of  this  system  is  presently  under 
construction  (February  1977)  to 
include  five  instruments  interconnected 
for  common  triggering  and  timing. 

A  summary  of  detailed  analysis  of  the 
instmimentation  data  acquired  at  Oro- 
ville  Dam  during  and  since  the  earth- 
quake, is  presented  in  Part  1,  of 
this  bulletin.  The  Division  of  Safety 
of  Dcims  has  reviewed  the  material  and 
concurs  in  the  conclusions. 

Thermalito  Forebay  Dam 

On  August  6,  Thermalito  Forebay  Dam 
was  inspected  and  some  very  minor 
cracking  previously  noted  by  the  oper- 
ating personnel  was  examined.   What 
caused  the  cracking,  other  than  the 
shaking  of  the  earthquake,  is  not 
known,  but  in  any  event  the  cracks 
were  judged  not  to  have  serious 
effect  on  the  safety  of  the  dam  in 
any  way. 

Thermalito  Afterbay  Dam 

Several  minor  longitudinal  cracks 
were  observed  in  the  embankment,  gen- 
erally along  the  upstream  crown  on 
both  sides  of  the  river  outlet  struc- 
ture. A  transverse  crack  was  observed 
in  the  embankment  at  its  contact  with 
the  concrete  gate  structure  at  the 
outlet.   Sloughing  of  the  riprap 
occurred  in  the  channel  from  Thermalito 
Forebay  Dam  into  Thermalito  Afterbay 
Dam,  but  it  has  no  relation  to  the 
safety  of  either  structure. 


Other  Dams  in  Area 

In  addition  to  Oroville  and  New  Bui lards 
Bar  Dams,  three  other  dams,  Lake  Wyem- 
dotte,  an  older  earth  dam;  Virginia 
Ranch,  a  modern  earth  dam;  and  Los 
Verjels,  an  old  multiple  arch  dam; 
were  inspected  by  Safety  of  Dams  per- 
sonnel on  August  2.   No  damage  was 
observed. 

In  the  week  following  the  earthqueJce, 
36  of  the  48  jurisdictional  dams 
located  within  64  kilometres  (40  miles) 
were  inspected  by  Safety  of  Dams  per- 
sonnel.  Those  dams  not  inspected  either 
are  small  structures  or  are  located  near 
the  64-kilometre  limit.   The  larger  dams 
were  inspected  by  the  owners  who 
reported  no  damage. 

On  the  basis  of  the  field  inspections, 
supplemented  with  interviews  of  owner's 
representatives  and  review  of  instru- 
mentation data  were  available,  it  was 
concluded  that  the  jurisdictional 
dams  located  in  the  study  area  per- 
formed adequately  during  the  earthquake 
and  that  all  were  in  safe  condition. 
As  a  matter  of  prudence,  closer-than- 
normal  surveillance  was  practiced  for 
several  months  to  be  certain  that  no 
adverse  changes  were  occurring  subse- 
quent to  the  post-earthquake  inspec- 
tion.  As  of  this  writing  (February 
1977)  no  such  changes  have  been  found. 

Discussion  of  Geology  and  Seismicity 

of  Affected  Area  as  it 

Relates  to  Performance  of  Dams 

Before  the  1975  Oroville  earthquake, 
seismological  considerations  applied  to 
dam  design  in  the  northern  foothills  of 
the  Sierra  Nevada  had  centered  on  a 
rather  obscure  earthquake  that  occurred 
February  8,  1940.   This  moderate  earth- 
quake (called  the  "ghost"  earthquake 
by  some  in  allusion  to  its  seemingly 
isolated  occurrence)  was  the  largest 
ever  recorded  in  this  region,  where 
few  quakes  had  occurred  previously. 
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It  was  reported  to  have  a  magnitude  of 
6.0,  but  because  its  point  of  origin 
was  located  in  the  remote  foothill 
country  north  of  Oroville,  no  signi- 
ficant damage  occurred.  No  fault 
break  or  other  surface  manifestations 
of  movement  to  identify  any  origina- 
ting geologic  structure  was  ever 
reported. 

Although  the  1940  earthqueike  was  rec- 
ognized as  the  significant  event  for 
purposes  of  design,  the  level  of 
seismic  activity  it  represented  had 
little  effect  on  design  criteria  for 
dams  in  the  Oroville  area.   New  tech- 
niques for  modeling  the  dynamic 
responses  of  dams  are  changing  that. 
With  the  advent  of  these  techniques 
in  the  early  1970s,  the  1940  earthquake 
took  on  new  importcuice,  and  a  closer 
scrutiny  was  made  of  the  basic  records. 

Reevaluation  of  the  original  seismo- 
grams  of  the  1940  event  yielded  a 
significantly  different  location  for 
its  epicenter,  40  kilometres  (25  miles) 
northwest  of  the  original  site,  and 
lowered  the  estimate  of  its  magnitude 
from  6.0  to  5.7.   Soon  after  learning 
of  the  revised  epicenter  location  in 
1973,  the  Division  of  Safety  of  Dams 
noted  its  proximity  to  a  linear  topo- 
graphic feature  which  had  been  mapped 
as  a  fault  during  a  county  reconnais- 
sance in  1966.   The  prospect  of  find- 
ing a  surface  expression  of  the 
originating  tectonic  structure  for 
that  earthquake  suddenly  looked 
better,  but  subsequent  geologic 
examinations  of  the  linear  feature 
refuted  its  identification  as  a  fault. 

Little  regional  work  has  been  done 
since  the  early  1900s  to  learn  the 
geological  and  seismological  character 
of  the  northern  Sierra  foothills;  and 
even  though  those  turn-of-the-century 
studies  were  outstanding  accomplish- 
ments and  remain  the  principal  refer- 
ence works  on  the  area,  they  paid 
little  heed  to  memy  of  the  features 
that  are  of  concern  today.   It  took 
the  emerging  development  of  dynamic 


response  techniques  and  national  con- 
cerns for  the  environment  to  get  modern 
geological,  geophysical,  and  seismol- 
ogical studies  started.   Pacific  Gas 
and  Electric  Company,  in  a  search  for 
acceptable  sites  for  nuclear  power  plants 
in  the  eastern  San  Joaquin  and  Sacramento 
Valleys  beginning  in  1973,  was  the  first 
organization  to  initiate  extensive  stud- 
ies of  potential  fault  activity  in  the 
Sierra  foothills.   Those  studies  con- 
tinue today  (February  1977). 

The  Oroville  earthquake  intensified 
the  demand  for  geologic  studies.   The 
damage  to  buildings,  the  continuing      -'^ 
aftershocks,  the  local  presence  of  the 
very  large  Oroville  Dam  and  associated 
facilities,  and  the  discovery  of  tec- 
tonic ground  cracks  that  could  logi- 
cally be  associated  with  elements  of 
the  supposedly  dormant  Foothills  Fault 
Zone,  all  stimulated  a  demand  for  an 
immediate  appraisal  of  the  earthquake 
potential  of  the  Sierra  foothills.   Per- 
haps an  even  more  influential  factor 
generating  demand  for  more  studies , 
however,  was  the  recognition  that  the 
Oroville  earthquake  tended  to  indicate 
that  the  1940  earthquake  was  not  just 
an  isolated  event  after  all.   Here,  in 
just  a  short  span  of  35  years,  were 
two  moderate  earthquakes  in  the  same 
general  area:   clearly  a  circumstance 
that  could  not  be  ignored. 

Dam  designers  need  the  cinswers  to  two 
basic  questions  when  considering  the 
seismic  stability  of  a  structure.  First, 
where  are  the  potentially  active  faults 
in  relation  to  the  dam?    And  second, 
what  is  the  magnitude  of  the  earthquake 
that  can  be  expected  to  be  generated  by 
the  faulting?  Answers  to  the  latter 
question  involve  an  assessment  of  the 
extent  and  continuity  of  the  potentially 
active  faults.   Concerning  dams  in  the 
Oroville  area,  the  question  resolves 
mostly  into  determining  if  the  Cleveland 
Hill  Fault,  the  feature  along  which  the 
ground  ruptures  occurred  during  the 
Oroville  earthquake,  is  indeed  part  of 
a  larger  fault  system.   Its  proximity 
to  the  Foothills  Fault  system,  that 
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large,  braided  fault  complex  that 
extends  300  kilometres  (190  miles) 
from  Mariposa  on  the  south  to  Oroville 
and  Belden  on  the  north,  naturally 
raises  the  question  of  its  relation- 
ship to  that  system. 

As  designers  and  constructors  of 
large  dam  projects  in  the  Sierra 
foothills,  state  and  federal  agencies 
are  now  deeply  involved  in  regional 
studies  aimed  at  producing  answers  to 
those  and  other  questions.   The 
Department  of  Water  Resources,  as 
owner  of  the  Oroville  Dam  and  asso- 
ciated facilities,  clearly  has  need 
for  the  best  available  assessment  of 
earthquake  potential  and  has  studies 
underway  in  the  Oroville  area.   The 
U.  S.  Army  Corps  of  Engineers  has 
begun  new  studies  of  its  Parks  Bar 
and  New  Melones  projects.   The  U.  S. 
Bureau  of  Reclamation  is  working  on 
seismic  reevaluation  studies  of  the 
Auburn  project. 

The  U.  S.  Bureau  of  Reclamation  is 
working  on  seismic  reevaluation 
studies  of  the  Auburn  project. 

There  also  are  many  existing  dams  and 
reservoirs  in  the  foothills  area. 
More  than  200  dams,  some  of  which  are 
among  the  largest  in  California,  with- 
in the  area  of  influence  of  the 
Foothills  Fault  system,  are  subject 
to  State  jurisdiction  for  safety.   The 
Division  of  Safety  of  Dams  initiated 
a  comprehensive  study  of  the  entire 
fault  system  in  January  1977. 

Interesting  and  relevant  facts  are 
beginning  to  emerge  from  the  geologic 
studies.   Whereas,  up  to  several  years 
ago,  activity  on  the  Foothills  Fault 
system  was  thought  to  have  died  out 
more  than  100  million  years  ago, 
recent  evidence  indicates  that  at 
least  local  faults  were  active  in 
many  separate  areas  —  widely  distrib- 
uted along  the  fault  system  —  since 
that  time. 

How  recently  some  of  the  activity  may 
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have  occurred,  and  how  continuous  the 
fault  zones  are,  still  must  be  deter- 
mined.  The  Sierra  foothills  comprise 
a  particularly  difficult  area  in  which 
to  get  those  answers.   To  determine 
recency,  for  instance,  requires  deposits 
or  other  geologic  features  whose  age  can 
be  determined  to  be  close  to  that  of  the 
latest  faulting,  eind  whose  structural 
relationships  to  the  latest  faulting 
can  be  known  with  certainty.   Unfortun- 
ately, the  Sierra  Foothills  are  fre- 
quently lacking  in  such  deposits  and 
features.   Another  aspect  of  the  prob- 
lem appears  to  be  that  the  frequency  of 
fault  movement  is  low  enough  that  ero- 
sion removes  much  of  the  surface  evidence 
before  the  next  seismic  event  occurs, 
thus  eliminating  the  compounding  effect 
that  usually  makes  such  evidence  readily 
detectable. 

Tracing  features  in  the  belt  of  meta- 
,  morphic  rocks  that  comprise  the  bedrock 
;  surrounding  most  of  the  Foothills  Fault 
li  system  is  also  exceedingly  difficult. 
Most  of  the  bedrock  has  been  extensively 
deformed,  broken,  sheared,  partially 
healed,  and  partially  reconstituted. 
Its  regional  fabric  parallels  the  fault 
system,  and  singling  out  those  topo- 
graphic and  geologic  features  which  per- 
tain strictly  to  the  fault  system 
requires  detailed  and  painsteiking  study. 

The  Oroville  earthquake  emphasized  the 
need  for  a  determination  of  the  seismic 
potential  of  the  Sierra  Foothill  region. 
The  intensive  studies  of  fault  activity 
now  in  progress  should  soon  enable  geo- 
scientists  to  systematically  assess  the 
potential  for  damaging  earthquakes  in 
the  area.   The  studies  will  provide 
input  to  dynamic  response  analyses  of 
the  many  major  dams  in  the  Sierra  foot- 
hills. 

Evaluation  of  Seismic  Stability 
of  Dams  in  Affected  Area 

Following  the  Oroville  earthquake  the 
Division  of  Safety  of  Dams  (1)  examined 
the  seismic  design  criteria  used  in 
design  of  the  48  jurisdictional  dams 


located  within  a  distance  of  64  kilo- 
metres (40  miles)  of  the  epicenter; 
(2)  evaluated  the  seismic  criteria 
and  design  earthquake  that  now  should 
be  used  in  the  area  in  light  of  the 
event;  and  (3)  considered  the  possible 
need  to  reanalyze  the  dams  in  question. 

Seismic  Criteria  Used  in  Design 
of  Dams  in  Affected  Area 

Only  within  the  last  several  years 
have  dyneunic  response  techniques  been 
developed  to  approximate  and  evaluate 
the  time-history  of  stresses  occurr- 
ing in  an  earthfill  or  concrete  dam 
during  earthcpiake  shaking.   All  of 
the  dams  in  the  area  predate  develop- 
ment of  such  techniques.   Therefore, 
if  any  seismic  design  criteria  were 
utilized  in  their  design,  they  follow- 
ed a  pseudostatic  approach,  whereby 
the  effects  of  earthquake  motions 
anticipated  in  the  area  were  repre- 
sented by  a  constant  load-   The 
assigned  lateral  load  was  generally 
10  percent  of  the  structure  weight. 

It  has  been  the  Division's  experience 
that  pseudostatic  techniques  using 
the  10- percent  lateral  force  usually 
do  not  change  the  configuration  of 
earth  dams  as  dictated  by  normal 
static  criteria;  this  is  because 
design  safety  factors  are  reduced  in 
considering  earthquake  loads.   A  15- 
percent  lateral  force,  which  is  often 
used  in  the  more  earthquake-prone 
areas  of  the  State,  generally  results 
in  modest  changes  in  eairthdam  sections 
to  satisfy  design  safety  factors. 

Neither  a  specific  design  earthqucdce 
nor  time-history  of  motion  was  used 
in  original  design  of  euiy  of  the 
dams  in  the  zone  of  influence.   Such 
specific  earthquake  representations 
are  useful  only  for  the  recently 
developed  dynamic  response  analyses. 

Appropriate  Seismic  Design  Criteria 
for  Current  Use  in  Affected  Area 

The  selection  of  the  potential  seismic 


criteria  and  design  earthquakes  which, 
in  light  of  the  Oroville  earthquake, 
should  now  be  used  involves  two  ques- 
tions.  First,  what  earthquake  in  the 
immediate  Palermo-Oroville  area  is  con- 
sidered the  maximum  credible  event? 
Second,  over  what  area  in  the  Sierra 
foothills  does  this  earthquake  apply? 
If  the  studies  conducted  to  answer  the 
second  question  indicate  that  an  active 
fault  zone  of  significant  length  exists, 
then  an  even  greater  maximum  credible 
earthquake  than  now  considered  appro- 
priate may  have  to  be  considered. 

For  the  present,  we  agree  with  the 
Department's  Special  Consulting  Board 
for  the  Oroville  Earthquake,  which  rec- 
ommended that  a  magnitude  6.5  earth- 
quake in  the  immediate  Oroville  area  be 
considered  in  evaluating  project  facili- 
ties.  In  addition,  until  current  geol- 
ogical studies  provide  a  more  definitive 
assessment  of  earthquake  potential,  the 
Division  regards  a  magnitude  6.5  earth- 
quake the  appropriate  level  of  maximum 
credible  event  to  consider  in  evaluat- 
ing dams  along  the  entire  Foothills 
Fault  system.   Maximum  bedrock  acceler- 
ations relatively  close  to  the  epicenter 
of  such  an  earthqueike,  based  on  empiri- 
cal tabulations  presented  in  recent 
literature,  would  be  approximately  0.5g. 
It  is  interesting  to  note  that  most 
accelerations  recorded  during  the 
Oroville  earthquake  and  aftershocks 
were  significantly  less  than  would  be 
estimated  by  these  tabulations. 

Need  for  Reanalysis  of  Seismic  Sta- 
bility of  Deuns  in  Affected  Area 

The  need  for  reanalysis  of  the  seismic 
stability  of  deuns  in  the  affected  area 
depends  in  each  case  on  the  age,  type 
and  condition  of  the  structure,  the  dis- 
tance from  an  assumed  epicenter  and  the 
damage  potential.  Figvire  60  presents 
an  estimate  of  the  diminishing  effects 
of  a  magnitude  6.5  earthquake  with  dis- 
tance from  the  epicenter.   Historical  per- 
formance of  dams  indicates  that  they 
can  withstcuid  accelerations  up  to  0.2  - 
0.3g  for  the  relatively  short  earthquakes. 


81 


bO 
I 

c 
o 

2 

0) 

iH 

0) 

o 
o 

< 

B 

i 

•H 
X 

(0 


0.7 
0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 


Attenuation  Curve  Interpolated 
from  "Accelerations  In  Rock  for 
Earthquakes  In  Western  United 
States"  by  Schnabel  and  Seed. 
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Figure  60.     Estimate  of  diminishing  effects  of  a  magnitude  6.5  earthquake 


This  means  that  any  dam  located  about 
24  kilometres  (15  miles)  or  more  from 
a  magnitude  6.5  epicenter  would  not 
be  expected  to  experience  serious 
damage. 

A  limited  amount  of  experience  from 
actual  earthquakes  and  from  dynamic 
analysis  reports  recently  reviewed 
indicates  that  embankments  constructed 
under  modern  methods  and  controls  will 
not  be  seriously  damaged,  even  when 
located  adjacent  to  a  magnitude  6.5 
earthquake . 

The  first  phase  of  the  statewide  seis- 
mic reevaluation  program  initiated 
after  the  1971  San  Fernando  earthquake 
involved  hydraulic  fill  dams.   Two 
hydraulic  fill  dams  are  located  within 


64  kilometres  (40  miles)  of  the  epi- 
center, and  already  had  been  analyzed 
as  part  of  the  seismic  reanalysis  pro- 
greum  prior  to  August  1,  1975.   A  mag- 
nitude 6.5  earthquake  near  Oroville 
would  produce  maximxam  accelerations 
somewhat  greater  than  those  studied 
in  the  reanalysis  report  for  one  of 
the  dams.   Although  the  increase  in 
maximum  credible  acceleration  is  not 
expected  to  be  critical,  the  Division 
intends  to  review  that  reanalysis 
report  considering  the  increased  level 
of  shaking. 

The  second  phase  of  the  program 
involves  suspect  embankment  dams  other 
than  hydraulic  fills.   Analyses  of 
these  dams  are  being  requested  on  a 
priority  system  which  considers  seis- 
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mic  activity,  damage  potential,  and 
condition  of  the  dam.   Older  dams  in 
the  Oroville  area  did  not  rank  high  in 
need  for  reevaluation  under  the  pre- 
vious estimates  of  seismic  activity  of 
the  area.   Using  a  magnitude  6.5  earth- 
quake in  the  Oroville  area  does  not 
significantly  change  the  priority  for 
reevaluation  of  these  older  dams. 

Dynamic  Analysis  of  Earth  Dams 
of  Oroville  Complex 

Dynamic  response  analyses  of  Oroville, 
Thermalito  Forebay  and  Thermalito  After- 
bay  Dams  currently  are  in  progress.  As 
described  in  Part  I,  this  work  is  sche- 
uled  for  completion  in  1977, 

Summary 

During  the  week  following  the  Oroville 
earthquake,  all  but  a  few  of  the  major 
dams  within  64  kilometres  (40  miles)  of 
the  epicenter  were  inspected  by  Safety 
of  Dams  engineers.   Other  dams,  which 
were  near  the  outer  limits  of  the  area, 
were  inspected  by  the  owners.   The 
effects  observed  consisted  of  temporary 
changes  in  seepage  flows  and  piezometer 
pressures;  temporary  turbidity  in  tail- 
water  at  Oroville  and  New  Bullards  Bar 
Dams;  and  minor  embankment  cracking  at 
Thermalito  Forebay  and  Afterbay  Dams,  yj 

On  the  basis  of  the  field  inspections 
and  preliminary  review  of  instrumenta- 
tion data,  which  revealed  no  indication 
of  structural  distress,  it  was  con- 
cluded that  the  performance  of  all  dams 
was  satisfactory  during  the  event. 
Nothing  has  been  indicated  by  the  per- 
formance of  the  dams  since  the  earth- 
quake to  change  that  conclusion. 

The  owners  of  dams  with  high  damage  po- 
tential reacted  responsibly  to  the 
earthquake,  were  prompt  in  the  inspec- 
tion of  their  dams,  and  continued  to 
monitor  the  structures  closely  for 
some  time  after  the  event. 


Some  significant  questions  were  raised 
by  the  occurrence  of  the  Oroville  earth- 


quake concerning  seismicity  of  the  area 
They  will  remain  unanswered,  however, 
until  the  current  seismic  and  geologic 
studies  are  concluded.   These  questions  jl 
involve  the  length  and  continuity  of   / 
the  Foothills  Fault  system,  and  the    // 
possibility  that  geologic  conditions   ';, 
could  support  a  maximum  credible  earth-  \ 
(juake  in  excess  of  magnitude  6.5  along   i 
that  fault.   The  Division  of  Safety  of   \ 
Dams  is  acutely  interested  in  certain 
phases  of  that  program,  which  also 
involves  several  federal  and  state  agen- 
cies concerned  with  dams,  seismicity, 
and  geology.   The  Division  of  Design 
and  Construction  is  conducting  a 
detailed  geologic  investigation  in     / 
the  immediate  vicinity  of  the  Oro-     / 
ville  complex  of  the  State  Water  Proj- 
ect to  locate  any  possible  faulting   j 
that  could  affect  the  integrity  of 
the  dams  and  other  structures  of  the 
complex.   Federal  agencies  are  reeval- 
uating the  seismic  design  criteria 
for  dams  under  construction  or  pro- 
posed in  the  Sierra  foothills  area. 

Fifteen  dams  are  located  in  or  near 
the  Palermo-Oroville  area,  where  a 
maximum  credible  earthquake  up  to  mag- 
nitude 6.5  now  is  considered  appro- 
priate.  Nine  of  these  dams  were 
constructed  since  1950,  using  modern 
construction  practices,  and  can  be 
expected  to  exhibit  excellent  per- 
formance if  subjected  to  magnitude  6.5 
earthquake.   Conditions  at  the  six 
older  dams  in  the  immediate  area  are 
not  as  well  known;  they  are  being 
considered  for  seismic  reanalysis  on 
a  priority  basis  along  with  all  other 
jurisdictional  dams  in  the  State.   All 
six  dcuns  are  relatively  low  with  small 
impounding  capacities. 

Dynamic  response  analyses  were  recently 
completed  on  the  two  hydraulic  fill 
dams  located  within  the  influence  of 
the  1975  Oroville  earthquake.   The 
report  on  one  of  these  dams  will  be 
reconsidered  for  the  slightly  higher 
level  of  shaking  that  would  be  anti- 
cipated from  a  magnitude  6.5  event  on 
the  nearest  capable  active  fault. 
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Dynamic  response  analysis  of  the  major      under  way  and  is  scheduled  for  comple- 
earth  dams  of  the  Oroville  complex  is      tion  in  1977. 
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Appendix  A 

Historical  Seismicity  Near  Oroville,  1851-1975 

Explanation  of  Table 

Date  and  Time:  Origin  time  of  earthquake  in  Greenwich  Mean  Time 

LAT  and  LONG:  Epicenter  of  earthquake. 

Quality:   Quality  of  epicenter  determination,  A  excellent,  B  good, 
C  fair,  D  poor. 

Mag:   Richter  magnitude  (M^ ) 

Stations  Recording:  Number  of  stations  recording  the  earthqucike 

Felt:   F  indicates  if  the  earthquake  was  felt. 

Comments:   Intensity  values  are  Rossi-Forel  Scale  before  1932. 
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Appendix  A  -  Historical  Seismicity  Near  Oroville,    1851-1975 
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LA     POPTE.         RATTLtO     xINOOWS. 

NEVADA     Cirr,     STEPLING     CITY,      AND     WEST 

HPANCH. 

LA     °ORTE. 

LA     PORTF. 

LA     POPTE. 

Vl-VIl      AT     TRUCKEE     MEADOWS,     OFMH,      ANO 

VIRGINIA     CITT,     NEVADA.         STODNG     AT     VF.RDI,      SPAUK^i,      ANO     CAHSON     CIT»,     NFVAOA.         FSL  T 

AT     DOWN lEV  ILLE.         WECOR1EO     AT     BEPKELFY. 

CAMPTONVILLF ,     AND     PLFASANT     VALLLY,      NEVADA. 

VIII      DnnNIEVlLLE.         CHIMNEYS     TM.JOKN     00»N. 
3/12/1918     12-30  —  0.        39.58     120.83    O  F     DO«MEVILLF. 

12/29/1920        9-59--0.        39.50     122.17    D  F     V     wILLninS.        2     SHHCKS.        FELT     ALSn     AT     GLENN 

ANO     AT     OWLAND. 
1/13/1921      IC-3'"--0.         39.50      122.17     D  F     V     alLLOWS.         ALSO     FFLT      IC     MILFS     E     OF 

WILLOWS. 

NEVADA  CITY, 

IV  CAMPTONV  ILLE  ,  DUt^ATION  6C  SECONDS.    AT 

rJUINCY   AT   21-05,   DURATION  10  SECONDS. 

I  I  I   GHASS  VALLFY  . 

IV  STOBHIE. 

Ct-ICO. 

IV  NFAP  TAYLCPSVILLE. 

GRASS  VALLFY.    3SSA,  0CT08FP   1»39. 

GRASS  VALLEY  AND  AREA.    FELT  'J  Y  MINERS 

DOXN  TO  4,500  FEET  VERTICAL  OEPTM. 

INSKIP  BUTTE  LOrlKOUT  (FORi^ST  SERVICE!. 

KELT  OVER  AN  AREA  OF  28,?00  SOUARE  MILES 

OF  NOMTH-CENTRAL  CALIFORNIA.    VI   AT  ALMANUR,   BANGOR,   BUTTE  CITY,  CHICO,   GRIOLFY, 

LA  PCTE,  NEVADA  CITY,  PARADISE,   TEHAMA,   AND  VINTON.    V  AT  BAXTER,  BFCKWOARTH, 

3FLDEN,  HLAIRSDEN,  CARIBOU,  CHESTER,  CORNING,  CRESCENT  MILLS,   OE  S A  PL  A ,   DUTCH 

FLAT,   FEATHER  PIVFR,   CAJON,   FOaFST  RANCt<,   GRAN  I  TE  V I LL  E  ,   GRFFNVlLLE,  GRIMFS, 

MEAOO»  VALLEY,   MILFORD,   MILLVILLE,   MINERAL,   OROVILLE,   POHTOLA,  QUINCY,   SENECA, 

SHEPIOON,   STORPIE,  STIRLING  CITY,   imEIm^r,   wEST^OOD,   WHEATLAND,   WILLIAMS, 

WCQDLANO,   AND  YOLO. 

LAS  PLUMAS  ANO  wILLlwS. 

VI  STIRLING  CITY.    ALSO  FELT  CHICO, 

FEATHER  PIVE9  CANYON,  LAS  PLUMAS,   AND  STOPRIF. 

SAME  FELT  REPORTS  AS  20-20-0. 

GRASS  VALLFY.    (BSSA,   JULY   194)1. 

FELT  AT  WILLOWS. 

G-i  IDLEY  . 

VI   AT  PARAJISE.    IV  AT  LAS  PLUMAS, 

STORHIE,   AND  NE  BUTTE  CO. 

PARADI  Sf^. 

CHICO. 

LIGHT  SHOCKS   IN  STRAwBEPRY  VALLFY  (YUB* 

CO.)   HFPORTFO  FELT  AT  0323,  0512,   ANO  1030,   ANO  ON   )/4/49  AT   1210. 

NFAW  AUBURN. 

NORTH     OF     CHICO. 

SOUTH     OF     GRASS     VALLEY. 

IV     CHICO.         FELT     AT     WILLOWS. 

SOUTH»EST     OF     CHICO. 

NORTHWEST     :1F     CHICO. 

NORTHWEST     CF     CHlCC. 

NORTH     CF     CHICO. 

NORTH     OF     CHICO. 

•=AST     OF     MARYSVILLf. 

SOUTHEAST     OF     CHICC. 

NORTHWEST     CF     OROVILLF. 

Fi^LT     OVER     900     SO.     MI.         v      AT     OOYLE. 

SE     CF     ORLANO. 

AFTCJGHOCK     r.r      18-25-17. 

NW     GF      QUINCY.     F>-LT     BEL  DON  ,     STORRIF. 

Nt      OF     CHICC.         VI     FOaEST     RANCH,     LAS     PLUMAS, 

MAGALI4,      PARA-)ISK,     YANKTF      HILL.         V     ALTA,      BtLDEN,      OE^WY     CRFFK,      BROWNS     VALLFY, 
IRUSH     CRFFK,      BUTTF     CITY,      CAMPTONVILLF,      CHALcFNGF,     CHICAGO     PAPK,     CHICO,     CLI"PF' 

MILLS,      OOHUINS,      FEATHER     FALLS,      FOPflESTOwN,     -iuASS     VALLFY,      GRIMES,      OREGON     HOUSE, 

OROVILLE,      PALERMO,      PULGA,      HACKEWiiY,      STJRPIF    ,      T  A  VLU9  S  V  I LL  F  ,      WHFATLAND,     YUBA     C|TY. 

S»     CF     CHICO. 
Sw      OF      CM  ICO 

Sw     CF     CHICO.     FfLT     OVER     APPOOA I M A T EL » 

I'l.SOO     SQUARE     MILES.     M»«.      INTENSITY     VI      AT     CHICO,     BUTTE     CITT,      WILLOwS. 

MINOR     DAMAGE. 
'/22/infH         1-     5-      2.5     39. •■3      121.89  1.1     10     F     NW     CF     CHICO.     FELT     OVER     APPRO*.     90r      SO. 

MILTS.      MA*       INTfNSITY      V      *T      ACT.IIS,      C  H I  C  ,J  ,      HAMILTON     CITY. 
1.3         H  NW     CF     C  HICO. 

3.»        '    F      IS    KM    SOUTHEAST    or     WILLOWS.     9E'>OUI«^D 

FELT      IN     WILLOWS     AREA.     PLASTER     ANO     DISHES     ■<'-«)KFN. 
1.5         8    r      ?0     KM     SOUTHEAST     OF      «ILL>>wS.      INTFNSITY      IV 

AT     ARTOIS,      GL^NN,     i)IRHAM,     FLK     CRFFK,     r].-*OL  AN  J  ,     PRINCETON,      RICHVA^C-,      ANt>     WILLOWS. 
l.C         o  20     KM     SOUTHEAST     (IF      WILLOW*. 

1.^         4  Sw     OF     LAKt      ALMANOr. 

I.H         9     (       S«     OF     CHICO.     FFLT      IN     ARIAS     UF       lUF  TF  ,  CCLuS  A 

,     GLENN,     ANO     SUTTF.R     COUNTIF.S.      INTENSITY      IV     AT     'JFPRY     CRFFK,     CHICO,     rfJLUSA,      GL '  NN , 
GRIOLFY,      AN)     wILLIwS.      INT-^NSIfY      I-III      AT     iil'.SS,     DURHAM,     FOREST     RANCH,      MAKwFlL, 

MERIDIAN   AND  DPINCETON 
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APPENDIX    B 

HOOiriED  MERC4IXI  CARTRQIMiae  WnKSITT  SCAU  Of  I93I  (IBRHMES) 


X  Mot  ftli  Moapt  tgr  »  vvrjr  f cv  tndar  ••p««i»Ujr  fAWrabla  •Irsuuteiiott* 

(I    R««sl«J'tor«l  Sm1«<) 

XZ  Ftlt  only  bgr  a  fiv  paraaiia  «i  raat,  ••pMtalljr  en  uppar  near*  of 

bulUlnsa.    Dalleataljr  auspandad  abjaota  Mjr  aving.     (l  to  II    Roaat-fopol 
•aUa.) 

Xn  fali  qulia  notloaably  Indeera,  aapaeially  en  upper  fleora  of  bulldlngt| 

but  MJiy  people  do  net  reeognlxe  It  aa  en  aarthquaka*     Standing  aetor 
•ara  Mjr  reek  allghtly.    Vibration  like  paaeing  truok.    Duration  eatiaatod* 
(III    Reaal-Foral  Seale.) 

Zf  During  the  day  felt  indoore  by  noay^  outdoora  by  few.     At  night  aoae 

•mkaned.    Diahee^  vlndova^  doora  diaturbad}  v&lla  nada  erooklng  aeund* 
tenaation  like  ha&vy  truek  atriklng  buildings     Standing  motor  eara 
reeked  notleeably.     (IT  to  V    Roaai-Porel  Seale.) 

T  Felt  by  nearly  everyone;  cany  awakened.     Sone  dlshea,  vlndovs,  ete.^ 

broken;  a  few  instanoee  of  oraoked  plaatar;  unatabla  objeota  overturned. 
Diaturbaneea  of  treea,  polee,  and  other  tall  ebjeeta  eomatlDea 
notiead.    Pandulun  eleeka  nay  etop.     (T  to  TI    Rosal-Forel  Seale.) 

TX  felt  by  all;  nany  frl^tened  and  nut  outdoora.     Soma  heavy  furniture 

■eved;  a  few  inetanoea  of  fallen  plaster  or  damaged  ehlmneya.    Daaage 
•light.     (TI  to  TII    Roaai-Foral  Seale.) 

TII  Everybody  runa  outdoors.    Daaage  negliglbla  in  bulldlnga  of  good  deai^ 

and  eonstruetlon;  all^t  to  nodarata  In  vell-bullt  ordinary  struoturea; 
eenaidarabla  in  poorly  built  or  bcdly  designed  struetures;  sone  ehlaasya 
broken.    Notloed  by  parsons  driving  motor  ears.     (Till    Ressl-Porel  Seale.) 

TXXX  Damage  slight  In  spaeially  designed  atruoturea;  eonslderabla  in  ordinary 

aubatantial  buildings,  with  partial  oollapse;  great  in  poorly  built 
atruoturea.     Panel  walls  thrown  out  of  frama  atruoturea.     Fall  of  ehlmneya, 
faetory  staoks,  eoluonSf  monuments,  walls.     Heavy  furniture  overturned. 
Sand  and  mud  ajeoted  in  small  amounts.     Changs  In  well  water.     Diaturbad 
paraona  driving  motor  ears.     (TIII«  to  IX    Rossl-Porel  Seale.) 

XZ  Damage  eonaiderable  in  apeeially  designed  atruoturea;  well-deaignad  frame 

atruoturea  thrown  out  of  plusb;  great  in  aubatantial  buildings,  with 
partial  oollapse.     Bulldlnga  shifted  off  foundations*     Ground  eraeked 
•onapieuoualy.    IMerground  plpea  broken.     (IX'*'    Rossl-Porel  Seale.) 

Z  Seme  well-built  wooden  struetures  destroyed;  most  masonry  and  frama 

atruetures  daatroyod  with  fotindatlons ;  ground  badly  eraeked.     Ralla  bant, 
landalldea  eonaiderable  from  river  banks  and  ateep  elopes.     Shifted  sand 
amd  mtad.    Water  aplashed  (slopped)  over  banks.     (X    Rossi>Forel  Seale.) 

ZX  Few,  if  any,  (masonry)  atruoturea  remain  standing.     Bridges  destrcyed. 

Bread  fiaaurea  in  ground.     Underground  plpellnea  eomplately  out  of 
lervlee.     Earth  alunps  and  land  alipa  in  soft  ground.     Raila  bent  greatly. 

ZXX  Bamaga  total.    Vavaa  aeen  on  ground  aurfaeee.     Unae  of  aight  and  level 

4l8tortad.    Objeeta  thrown  upward  into  the  air. 
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TABLES 
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Table  I 

Hypocentral  Parameters  of  Orovllle  Earthquakes 
June  28,  1975  -  March  31,  1976 

Explanation  of  Table 

Origin:   Time  of  Earthquake  in  Greenwich  Mean  Time  (GMT).   To 

get  local  time  subtract  eight  hours  for  Pacific  Standard 
Time  (PST)  and  seven  hours  for  Pacific  Daylight  Time  (PDT) 

LAT  N,  LONG  W;   Latitude  North,  Longitude  West.  Geographic 
coordinates  of  earthquake. 

Depth :   In  kilometres . 

Mag.:  Richter  magnitude  (Mj^) 

RMS:  Root -mean-square  of  time  differences  between  observed  and 
computed  time  of  first  arriving  wave  at  stations  used 
in  hypocenter  computation. 

ERH,  ERZ:  Horizontal  (h)  and  vertical  (Z)  standard  error  in 
epicenter  and  depth  determinations  (in  kilometers)*. 

Q  SQD:   Indicates  solution  quality  of  the  hypocenter.   The  first 
column  of  letters  A,  B,  C,  or  D  is  a  measure  intended  to 
indicate  the  general  reliability  of  the  solution: 

Q  Epicenter      Focal  Depth 

A  excellent  good 

B  good  fair 

C  fair  poor 

D  poor  poor 

Q  is  taken  as  the  average  of  QS  and  QD  (defined  below). 
For  example,  an  A  and  a  C  yield  a  B,  and  two  B's  yield 
a  B.  When  S  and  QD  are  only  one  level  apart,  the 
lower  one  is  used,  i.e.,  and  A  and  a  B  yield  a  B. 

S,  the  second  column,  is  rated  by  the  statistical 
measure  of  the  solution  as  follows: 

S,     RMS  (Sec)      ERH  (KM)      ERZ  (KM) 

A        0.15  1.0  2.0 

B        0.30  2.5  5.0 

c      0.50       0.50 

D      Others 

♦Statistical  interpretation  of  standard  errors  involves  assumptions 
which  may  not  be  met  in  earthquake  locations.  Therefore,  the 
standard  errors  may  not  represent  actual  error  limits . 
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QD,  the  third  column.  Is  rated  according  to  the  station 
distribution  as  follows: 


QD 

A 

B 
C 
D 


NO 


6 
Others 


GAP 


135° 
180° 


DMIN 

Depth  or  5  km 

2x  depth  or  10  km 

50  km 


Where  NO  Is  the  number  of  selsmographlc  stations  In  the 
determination,  GAP  Is  the  largest  azlmuthal  separation 
in  degrees  between  stations,  DMIN  Is  the  eplcentral 
distance  to  the  nearest  station.  The  values  for  NO, 
GAP  and  DMIN  are  not  shown  In  Table  I, 
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